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SUMMARY 
This thesis presents the results of extensive tests to investigate the mixing 
proportion, density, mechanical properties (compressive strength, modulus of 
elasticity, flexural strength and tensile strength), creep and drying shrinkage of high 
strength lightweight concrete made of pumice aggregates with the strength level of 
18.5 to 27.4 MPa and the corresponding air-dry density of 1579 to 1836 kg/m3. 
Material variables include the volume and composition of cementitious materials, 
pumice aggregate content by volume, replacement of sand by volume using fine 
pumice aggregates, and air content. Particular emphasis has been given to study the 
effect of concrete strength and density on modulus of elasticity, tensile strengths 
(flexural and splitting tensile), and Poisson’s ratio of pumice concrete. Study on the 
size effect of specimens on compressive strength of concrete has also been done. The 
adequacy of some of the familiar relationship for predicting modulus of elasticity & 
tensile strength of concrete has been critically examined and suitable expressions are 
suggested.   
To exploit the potential of using pumice concrete as structural element, further 
study has been carried out on the flexural behaviour of pumice concrete beams with 
limited experimental data. Flexural tests are conducted through four singly reinforced 
beams (three using pumice concrete beam and one using normal weight concrete 
(NWC) as the reference) and one doubly reinforced pumice concrete beam. The 
variables are the ratio of tensile steel content, ρ  to the balanced steel content, bρ . 
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The ratio ranges between 0.10 49.0/ ≤≤ bρρ  with a compression reinforcement  
being 0.21
'ρ
bρ . The concrete strength is targeted at 25 MPa for all the beams. Test 
results are presented in terms of load-deformation behaviour, ductility index and 
cracking behaviour. Unlike reinforced NWC beam, for reinforcement ratio, bρρ /  of 
0.31, the displacement index ( dµ ) of reinforced pumice concrete beam (with an 
average  = 23.8 MPa) is significantly less than 3, the value specified by the code. 
The flexural design provisions of the ACI 318 building code are found to 
underestimate the measured deflections under short term service loads up to about 
21.5 %, but give a safe prediction of the ultimate flexural strength, the code values 
being 20 % on average higher than the experimental results. 
'
cf
Key words: Pumice aggregate, lightweight concrete, mechanical properties, creep, 
shrinkage, flexural behaviour of beam 
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NOMENCLATURE 
A  s = Area of tensile reinforcement 
 
A '  s = Area of compression reinforcement 
 
A = Shear span 
 
b = Width of beam section 
 
c = Depth of neutral axis from the extreme compression fiber   
   (at ultimate load) 
 
C  c = Resultant force due to concrete compressive force 
 
C  s = Force in compression steel 
 
d = Effective depth of beam section 
 
cE  = Modulus of elasticity of concrete 
 
calcE ,  = Calculated value of concrete modulus of elasticity   
 
exp,cE  = Experimental value of concrete elastic modulus 
 
SE  = Modulus of elasticity of steel reinforcement 
 
FM = Fineness modulus 
 
'
cf  = Concrete compressive strength obtained from cylinder test 
 
cckf  = Concrete compressive strength obtained from 150× 150 mm cube 
    test   
 
ctf  = Stress in the extreme tension fiber 
 
cuf  = Concrete compressive strength obtained from cube test 
 
cyf  = Concrete compressive strength obtained from cylinder test 
 
pf  = Stress at the proportional limit of the stress-strain curve 
 
rf  = Modulus of rupture of concrete 
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sf  = Stress in tension steel 
 
'
sf  = Stress in compression steel 
 
spf  = Splitting tensile strength of concrete 
 
yf  = Yield strength of tensile steel 
 
h = Height of beam section 
 
I  = Moment of inertia of beam section 
 
crI  = Moment of inertia for cracked section 
 
eI  = Effective moment of inertia 
 
gI  = Moment of inertia for gross concrete section 
 
k  = Neutral axis depth factor 
 
1k  = Ratio of average compressive stress to maximum stress in the  
   compression zone of a beam section 
 
2k  = Ratio of the distance between the extreme compression fiber and  
   the resultant of the concrete compressive force to the depth of the 
   neutral axis 
 
3k  = Ratio of the maximum stress in the compression zone of a beam  
   to the cylinder strength     
 
L  = Beam span (center to center distance of supports) 
 
aM  = Maximum bending moment in the beam at particular load level  
    cracking moment crM
 
calcrM ,  = Calculated cracking moment 
 
exp,crM  = Experimental cracking moment 
 
fM  = Moment at failure level 
 
uM  = Ultimate (maximum) moment 
 
exp,uM  = Experimental ultimate moment 
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crP  = Cracking load 
 
up  = Ultimate (maximum) load 
 
exp,uP  = Experimental moment 
 
SD = Standard deviation 
 
avs  = Average crack spacing 
 
1β  = Equivalent rectangular stress block depth factor suggested by   
   ACI 318(1999) 
 
δ  = Maximum beam deflection 
 
sδ  = Maximum beam deflection at service load level 
 
cals ,δ  = Calculated deflection at service load 
 
cε  = Concrete compressive strain 
 
cuε  = Concrete compressive strain capacity under bending 
sε  = Strain in tensile steel 
 
'
sε  = Strain in compression steel     
    
dµ  = Deflection ductility index        
 
exp,crω  = Experimental crack width     
    
max,crω  = Maximum crack width         
 ρ  = Tensile reinforcement ratio: bdAs /  
 
'ρ  = Compressive reinforcement ratio:      bdAs /'
 
bρ  = Balanced compressive reinforcement ratio:       bdAb /
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1.1  Background  
Concrete with a density between 1350 and 1900 kg/m and a minimum compressive 
strength of 17 MPa is defined as structural lightweight concrete (ACI 213R-87, 1998). 
The past two decades have witnessed the widespread extension of the knowledge of 
the properties and application of high-strength, lightweight concrete based on artificial 
lightweight aggregates (Gjerde, 1982; Finn, 1987; Hoff, 1992). Improved structural 
efficiency (strength-mass ratio) has provided economic advantages to many 
commercial structures, with the improvements in concrete properties aided by the 
development of new admixtures (e.g. high range water reduce admixture (HRWRA)). 
3
        Pumice is a natural sponge-like material of volcanic original composed from 
molten lava rapidly cooling and trapping millions of tiny air bubbles. Pumice 
aggregates are abundant at the outskirt of volcanic maintains, particularly in 
Mediterranean area, Rocky Mountains in US, and most part of Turkey and Indonesia. 
The utilization of LWAC based on natural lightweight aggregate materials such as 
pumice has been rather limited, partly due to insufficient quality obtainable in the early 
years when the material and production know-how is low and partly due to lack of 
enthusiasm and industrial interests. In recent years, the existing limited research has 
shown that structural concrete with compressive strength up to 25 MPa can be 
produced with adequate economic benefits (Yeginobal and Sobolev, 1988; Ramazan, 
2001; Haktanir and Altun, 2002; Hossain, 2003).  
 When structural lightweight concrete with pumice is used in construction and 
1  
 
Chapter One – Introduction                          
maintenance of civil engineering structures, the resultant benefits of reduced overall 
costs, better heat and sound insulation and better resistance to fire can be realized. 
Despite of its lower compressive strength and lower modulus elasticity, pumice 
concrete can be potentially used in many kinds of structural elements. For example, the 
disadvantage of possible excessive deformation in such elements as beams and slabs 
due to its low elasticity modulus can be compensated by keeping the span as small as 
possible, and by keeping the slab depths just a little greater than customary values. 
Further more, in structural wall systems, the expected stress level usually proves to be 
very low, and consequently, high material strength is not required. As a matter of fact, 
in this case the flexural effects under horizontal loads are reduced by the relatively 
large available internal lever arm. The reduced self-weight of walls also leads to a 
remarkable reduction in the stress. Under these conditions, the size of the foundation 
can be reduced too, and moving and mounting are made easier when precast elements 
are used. 
Although the strength of pumice concrete has been reported, there exists no 
literature reporting the complete mechanical properties of high-strength pumice 
aggregate concrete. Besides, the results of drying shrinkage and creep of pumice 
concrete have not been reported before.  The knowledge of these properties is 
important for the practical usage of structural pumice concrete. 
Concrete structures are generally designed to take advantage of its compressive 
strength. The primary structural property of concrete a designer is generally concerned 
with is the compressive strength of concrete at a specific age. However, there are 
several other properties described below which a designer needs to know to design 
efficient and safe structures. 
The present design methodology ensures that a structure behaves elastically under 
2  
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service loads. Consequently the static modulus of elasticity and Poisson ratio are 
important parameters in determining short term deformations.  
Although the tensile strength of concrete is assumed to be negligible in ultimate 
strength calculations, in design of pre-stressed concrete and also in calculating the 
cracking moment of flexural members, the tensile and flexural strength are of 
considerable importance. 
The stress-strain curve of concrete in compression is a fundamental property 
needed for ultimate design of concrete structures. The stress-strain curves of concrete 
in compression give an indication of the ductility of concrete components heavily 
loaded in compression such as column under minimum eccentric loading. Both the 
compressive strength and the ductility of the concrete can be enhanced by a confining 
pressure provided by lateral reinforcements such as ties or stirrups. The compressive 
strength and the ductility enhancement as governed by the reinforcement amount and 
pattern are important properties required by a designer. 
There are several other properties such as creep and shrinkage which a designer 
needs to have for the efficient design of concrete structures 
 
1.2   Research Significance 
The development and use of lightweight concrete is important to the construction and 
maintenance of civil engineering structures. Lightweight concrete has the potential to 
increase the economy and durability of the structural systems and are mainly focused 
on by researchers throughout the world. Pumice being a natural aggregate of abundant 
resource around the world, is cost-effective and environmentally friendly. However, 
pumice is far from being fully utilized in lightweight concrete at the time being. The 
current investigation provides information on the density, mechanical properties, creep 
3  
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and drying shrinkage of pumice concrete with consideration for structural application, 
obtained from a controlled set of experiments that includes a number of material 
variables. 
 
1.3   Objective And Scope Of Research 
Many researchers have reported research works on lightweight concrete with pumice 
aggregates (Yeginobal and Sobolev, 1988; Ramazan, 2001; Haktanir and Altun, 2002; 
Sahin and Uysal, 2003; Hossain, 2003). However, the full range of mechanical 
properties and production guidance is limited. The main objective of this study is to 
develop high strength structural pumice aggregate concrete, investigate its mechanical 
properties and explore the possibility of its structural application. The research 
program is given in Figure 1.1. 
The scope of the research work is divided into three parts: 
(1) To produce high strength structural pumice aggregate concrete in the laboratory. 
This includes reviewing available literature on lightweight aggregate concrete (LWAC) 
to identify mix parameters which are found to have significant influence on the 
structural properties. 
(2) To investigate the mechanical properties of pumice aggregate concrete, such as 
density, compressive strength, tensile strength, modulus of elasticity, Poisson’s ratio, 
stress-strain relationships, as well as drying shrinkage and creep. 
(3)  To investigate the flexural behaviour of reinforced pumice LWAC beam. 
 
1.4  Outline Of Thesis 
The present thesis is divided into six chapters: 
(1) Chapter One introduces the background, research scope and objectives of this study. 
4  
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(2) Chapter Two gives literature review on previous and recent studies dealing with the 
production, mechanical properties of LWAC and the flexural behaviour of reinforced 
pumice LWAC beam. 
(3) Chapter Three presents a detailed description of the production of structural pumice 
aggregate concrete in the laboratory.  
(4) Chapter Four involves investigating the mechanical properties of the pumice 
LWAC. Analysis and discussions of the experimental results are also included. 
(5) Chapter Five aims at investigating the full flexural response of reinforced pumice 
LWAC beam with the comparison to that of a normal weight reinforced concrete beam 
of similar strength. 
(6) Chapter Six summarizes the main findings of this study and provides some 
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Up to now, studies on lightweight concrete with pumice aggregate have been scarce. 
However, considerable research work has been carried out on normal weight concrete 
(NWC) and artificial lightweight aggregate concrete (LWAC). Knowledge in the 
difference between LWAC and NWC is helpful for the study of high-strength pumice 
aggregate concrete. In this study, the difference between LWAC and NWC is 
presented and studies on both artificial LWAC and natural pumice aggregate concrete 
are reviewed. 
 
2.1   Difference Between Lightweight Aggregate Concrete and 
Normal Weight Concrete
Differences between LWAC and NWC concern the mixing stage, hardening stage, 
ductility, failure modes et al. 
In the mixing stage, the porous, water-absorbing lightweight aggregates can affect 
the workability of the concrete (Neville et al., 1987) as well as the effective 
water/binder ratio (ACI211.2, 1998). In the hardening stage, the relatively low specific 
heat and high insulating capacity of LWAC will cause a higher hydration temperature. 
The water initially present in the porous aggregate particles may affect the moisture 
state in the hardening system to a large extent. Volume changes take place with the 
changes in the state of water in the pore system in the early stage of hardening. 
In the hardened concrete, the differences between LWAC and NWC are mainly 
due to differences in the strength and elastic modulus of the aggregate, and particularly 
7  
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to differences of the matrix-aggregate interfacial zone. These differences determine the 
degree of heterogeneity of concrete. The properties of the interfacial zone are 
determined by the surface characteristics of the aggregate, as well as the pore structure 
and the initial water content of the aggregates (Isserman and Bentur, 1996). Depending 
on the pore structure of the aggregates, some reaction products e.g. calcium hydroxide, 
will even penetrate into the pores of the aggregates. This is more likely in aggregates 
with higher absorption and bigger pores (Isserman and Bentur, 1996). 
The strength of many lightweight aggregates (LWA) is about the same as the 
strength of the hardened paste. The matrix-aggregate interfacial zone is of a higher 
quality than in the case of NWC. The bleeding effect on aggregate surfaces is also 
reduced due to the reduced response of the LWA to vibration energy during 
compaction of the concrete. It means that in many LWAC, the interfacial zone is not 
the weakest link. With comparable modulus of elasticity for the LWA and the mortar, 
the stress will be more evenly distributed in LWAC than in NWC. Often, the LWA has 
even lower modulus of elasticity than the mortar phase, causing the mortar to attract 
more stress. The resulting local transverse tensile stress will act in the mortar, and not 
in the interface zone. As a matter of fact, in this case, the interface zone will partly be 
confined by transverse compressive stress (FIP, 1983).  
The strength and fracture toughness of LWA are substantially lower than those of 
normal weight aggregate (NWA) of natural origin, and possibly even the mortar phase. 
The crack initiation of LWAC takes place at a rather high stress level due to the elastic 
compatibility of the phases. The strength of LWA can be the strength limit of LWAC 
(Bremner and Holm, 1986; Chi and Huang, 2003).  
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2.2   LWAC Mix Design And Production 
Comprehensive reports reporting the properties of lightweight concretes and 
lightweight aggregates have been published by Shideler (1957), Reichard (1964), 
Holm (1983) and Valore (1988). In general, proportioning rules and techniques used 
for ordinary concrete mixes apply to lightweight concrete with added attention given to 
the concrete unit weight and the influence of the water absorption characteristics of the 
lightweight aggregate (ACI 213R-87, 1994). Specifications for structural-grade 
lightweight concrete usually require minimum values for compressive and tensile 
splitting strength, maximum limitations on slump, specified ranges of air content and a 
limitation on maximum fresh unit weight.  
 
2.2.1 Constituents of LWAC 
The essential components in LWAC are similar to that of NWC, aside from the 
difference in coarse aggregate. 
 
(1) Binder 
The most commonly used binder is cement, but other supplementary materials such as 
silica fume, fly ash and slag can also be included as long as their acceptability has been 
demonstrated. The addition of supplementary materials as partial replacement to the 
binder can enrich the concrete with various desirable properties in its fresh and 
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(a) Cement 
ACI 213R-87 (1994) states that, the same criteria for choosing type of cement, fly ash, 
ground granulated blast furnace slag and silica fume applies for LWAC as for NWC. 
ACI 523.1R-92 (1992) recommends the use of Portland cement or Portland blast 
furnace slag cement which conforms to the respective ASTM Specifications: C 150 
(1994), Type I or Type III; Type IA or Type IIIA; C 595 (1994) , Type IS or Type IS-
A.  It also points out that high-early-strength cements for e.g. Type III or III A, are 
often used to advantage in the production of low density concrete.  Cement content less 
than 250 kg/m  should not be used (Dossier, 1997). In modern codes, there is a trend 
to focus more on the effective water/binder ratio rather than on the cement content or 
strength grade while formulating requirements for durability.  
3
 
(b) Silica fume 
The silica fume particles assist in reducing the bleeding and segregation by segmenting 
the water flow in fresh concrete and ensure a densely packed microstructure in 
hardened concrete (Mehta and Aitcin, 1990). The high silica content and the larger 
surface area of silica fume make it a highly reactive pozzolan reacting with the calcium 
hydroxide liberated from the hydration of cement to produce more cemetitious 
materials. Tests reported by Wolsiefer and Clear (1995) demonstrated significant 
improved physical properties when silica fume is added to concrete containing 
structural lightweight aggregate (LWA). It is reported that 5 to 10 % replacement of 
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(c) Ground granulated blast furnace slag 
Blast furnace slag takes an active part in hydration and makes substantial 
modifications to the resulting microstructure (Taylor, 1990). In most cases, ground 
granulated blast furnace slag (GGBS) has been used in proportions of 25 %~70 % by 
mass of total cementitious materials, generally at the upper end of the range for 
maximum benefit (ACI 233R-95, 1996). It has been shown that slag imparts several 
technical advantages to Portland cements in concrete including low heat of hydration, 
resistance to sulfate attacks and reduced alkali silica reaction (ASR) (Numata et al., 
1986). Blast furnace slag cement (60 % to 70 % slag), in combination with 10 % to 20 
% silica fume, has found to reduce the expansion caused by ASR (Ramachandran, 
1995) 
 
(2) Lightweight aggregate 
(a) Shape and size of the grains 
The shape of the grains is a well-known factor that influences the properties of LWAC. 
It affects, like in NWC, the workability of LWAC. Together with the particle size 
distribution and the water absorption of the aggregates, the particle shape determines 
the content of cement and the amount of mix water (Weigler et al., 1972). Normally, 
the recommended maximum particle size is limited by the concrete strength 
requirement, since larger particles tend to be weaker. Large particles also tend to 
increase the segregation driven by the internal density differences, since the surface 
area/volume ratio of the particles decreases with increasing particle size. Like NWC, 
the specific surface of the aggregate affects the workability. This is even more when 
the grain surface exhibits an open pore structure. 
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(b) Surface properties of the LWA 
The surface properties of the aggregates affect the workability of concrete and the 
bond between paste and aggregate. The mortar penetrating into the pores of the grain 
would not improve workability but density would increase (Weigler et al., 1972). 
Ideally the aggregate particles should be spherical, with a hard and closed external skin 
providing a good bond with the cement paste, while the interior of the particles should 
have a high proportion of voids (Cemburau 1974). Besides these mechanical properties 
of the LWA surface, some LWA’s have a pozzolanic reactive surface. This pozzolanic 
reactivity will lead to an interaction of the LWA and the cement paste, thus forming a 
very dense and strong interfacial transition zone (Zhang, 1992). 
 
(c) Water absorption 
One important effect of the aggregate absorption is the loss of concrete workability 
(Asgeirsson, 1984; Punkki et al., 1995,). Another effect is the reduction of the effective 
water/binder ratio as water penetrates into the LWA during setting (Hammer et al., 
1992). The rate of initial absorption is important to foresee the loss of workability of 
the fresh mix (Weigler et al., 1972). In mix design, water absorption by LWA during 
setting is often assumed equivalent to that absorbed in the case of pure water after 1 
hour. However, the water absorption in concrete may vary (Punkki et al., 1995). 
 
(d) Effect of LWA strength on LWAC strength 
The strength limiting effect of LWA increases with decreasing water/binder ratio 
(Smeplass, 1997a). Such results will form the basis for practical guidelines for the 
choice of aggregates within each strength grade. Definition of an upper strength grade 
of LWAC will depend on the strength of available LWA and the strength potential of a 
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particular kind of LWA is close to its particle density (Smeplass, 1997b).  So that 
while a 20 MPa mix might be achieved for a density of 1200 kg/ , this value would 
increase to 1800 for an 80 MPa mix (Lazarus, 1993). The lowest densities require 
lightweight sand, whereas the higher densities require natural sand.  
3m
 
(3) Natural sand 
In most cases a combination of normal density and lightweight aggregate is used when 
batching LWAC. Factors influencing the optimum split between normal weight 
aggregate (NWA) and LWA are the density and strength requirements of the concrete, 
and the quality and grading availability of the LWA. Often fine grades of LWA are 
only available as crushed coarse LWA. In these cases, the water demand will increase 
and the workability characteristics are impaired. An optimum mix design is therefore 
normally achieved by combining coarse LWA with normal density sand. The 
requirements for the normal density (ND) sand will then be the same as that for NWC. 
To reduce segregation, a continuous grading of the total aggregate, calculated on a 
volume basis, is preferred (FIP, 1983). The maximum particle size of the normal 
density sand should then correspond to the minimum particle size of the LWA. The 
optimum amount of fines should, like for NWC, fit the amount of cement paste, i.e. for 
cement rich mixes, low-fine sand is preferred and vice versa. 
 
(4) Mixing water 
According to ACI 523.3R (1993), mixing water for concrete should be fresh, clean and 
drinkable. The minimum water to cement (w/c) ratio required for full hydration of the 
cement paste is 0.36 (Mehta, 1986; Neville, 1987). In the production of normal 
strength concrete this limit is always exceeded, as a higher w/c ratio is required to 
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satisfy the workability requirements. However, as reported by other researchers 
(Carrasquillo et al. 1981; Ahmad and Shah, 1985) the workability can be achieved at 
low w/c ratios by incorporating a water-reducing admixture. It has been observed that 
the strength of concrete continues to increase with the reduction of w/c ratio below the 
0.36 limit. The empirical relationships between w/c ratio and the compressive strength, 
available for normal strength concrete, may not be applicable for high strength 
concrete below the full hydration limit of 0.36 (Mehta and Aitcin, 1990).  
 
(5) Admixtures or additives 
Good workability of concrete can not be achieved with a water to cement ratio below 
about 0.45 without the use of superplasticizer (Neville, 1987). Hence, to achieve high 
strength lightweight concrete, a superplasticizer is required, since w/c ratio will be 
below 0.45.  
In general the effect of using superplasticizer in LWAC is similar to that of using 
them in NWC (FIP, 1983). It is possible that part of the fluid admixtures may be 
absorbed by LWA, thus reducing their action if the LWA is unsoaked. The absorption 
of a part of the free water with the dissolved additive will decrease the effectiveness of 
the latter (FIP, 1983). ACI 304.5R (1991) recommends the use of unsoaked LWA to 
avoid absorption of the additives into the LWA. Delayed addition of superplasticizers 
will also reduce the problem.  
Air entraining agents can be used with LWAC. Its use reduces the density 
proportionally to the weight of the paste it replaces, enhances the workability and 
reduces the segregation and bleedings. Very often, air-entraining agents are used to 
provide higher frost resistance concrete (Weigler et al., 1972). Most air-entraining 
agents are formulated to give a total of 3 % to 6 % air by volume in most concrete 
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mixtures at their recommended dosage level. In ACI 211 (1998), recommended ranges 
of total air content is 4-8 % by volume for usually structural lightweight concrete with 
maximum aggregate size of 20 mm. Air content of LWAC is determined in accordance 
with the procedure of ASTM C260 (1994). The air-entraining agent named MICRO 
AIR, meeting the requirement of ASTM C260 is used in this study. 
 
2.2.2 Mix proportion of LWAC 
Workability, compressive strength and density are the three main design variables that 
need to be fulfilled by a suitable proportioning method for LWAC. By the traditional 
proportioning methodologies, the concrete strength is related to water-cement ratio; 
however, it is not valid for LWAC since they do not incorporate the mechanical 
properties of the lightweight aggregates. 
The common methods used to proportion NWC are also applicable to LWAC, 
taking into account the following aspects: 
      (1) The density is an additional variable and depends on the mix design. 
      (2) The properties of the fresh and hardened concrete are heavily influenced by the   
            LWA characteristics. 
      (3) The water absorption characteristics of the LWA 
      ACI 211.2 (1998) gives rather detailed advice for two practical procedures for 
selecting the proportions for LWAC. "Method 1 - Weight method" is applicable for 
lightweight coarse aggregate and normal density fine aggregate, while "Method 2 
Volumetric method" is for use for all-lightweight aggregate concrete. The procedures 
include test and trial batching. Guidance for mix design of LWAC is also given in the 
FIP Manual of LWAC (1983).  
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2.2.3 Production 
The volumetric proportioning of LWA is advisable. In the case of batching by weight, 
frequent checks on the bulk density of aggregates are mandatory in some standards in 
order to adjust for variations in the moisture content. Frequent control of LWA density 
and moisture content is the recommended normal procedure in most countries. 
Control of the moisture content in the aggregate is of paramount importance in 
view of quality control. The lower the water/cement ratio, the more sensitive the mixes 
are to variations in the moisture content of the aggregate. Contrary to the North 
American tradition of feeding water saturated LWA into the mixer, the Norwegian 
system is to use dry LWA with less than 8 % moisture (Johnsen, 1995) 
The procedures used to determine the consistency of NWC, such as compaction, 
flow table or the slump methods, are also valid for LWAC. The consistency of the 
LWAC measured by these tests is generally "softer", due to the shape of the aggregate 
and the density (Weigler et al., 1972). Normally the slump test tends to underestimate 
the workability of LWAC (Pankhurst, 1993). In practice, LWAC normally loses its 
workability faster than NWC.  
 
2.3   Mechanical Properties Of LWAC 
The mechanical performance of LWAC differs from that of conventional concrete. The 
following mechanical properties and mutual relationships between these properties will 
be reviewed here: compressive strength and density, tensile strength, correlation 
between tensile and compressive strength, modulus of elasticity and Poisson’s ratio, 
compressive stress-strain curve, creep and drying shrinkage. 
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2.3.1 Compressive strength 
(a) Homogeneity (matrix-aggregate bond) 
Excellent particle-matrix bond and similarity of particle and paste elastic moduli 
ensure that the matrix is used efficiently (Newman, 1993). As a result, LWAC does not 
rupture due to dislocation between the phases, but as a result of the collapse of the 
arching structure of mortar over the grain of LWA, which has a limited strength. The 
fracture line, therefore, goes through the aggregate (like in high strength concrete), the 
opposite of conventional concrete, where the failure is produced by the fracture in the 
mortar and separation between both phases, resulting in a line around the aggregate 
grains (Dossier, 1997). 
 
(b) Effect of LWA strength on LWAC strength  
The effect of the particular properties of the LWA on strength can be seen in Section 
2.2.1-(2)-(d). 
 
(c) Effect of size of test specimen 
Compressive strength of LWAC is more independent of test specimen size as 
compared to NWC (Thorenfeldt, 1995). The correlation between cylinder and cube 
strengths is found to have average values of 0.9 for LWAC of LECA 800   and of 0.95 
for LWAC of LECA 700 (Smeplass, 1997). The fact that the correlation between 
cylinder and cube strength is different for LWAC and NWC is considered a very 
important point since some standards use strength values based on cylinder tests, but 
use a fixed value for the ratio between cylinder and cube strength. This may lead to 
incorrect estimates of the strength.  
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(d) Effect of water/binder ratio and cement content 
In general, in order to reach the same strength, a LWAC needs more cement or binder 
than conventional concrete. Weaker LWA will require even stronger mortars and 
higher cement contents (Newman, 1993). For concretes with strength higher than 40 
MPa, this proportion of cement content increases. The increase in strength for a given 
increase in cement content depends on the LWA type. On the average, a 10 % increase 
will provide a 5 % increase in strength (Newman, 1993). Today the water/binder ratio 
is considered to be even more important than the absolute cement content. 
 
(e) Strength development with age  
LWAC has a faster hardening factor in the initial setting phase than conventional 
concrete, normally reaching 80 % of the 28 day strength within 7 days. The strength 
growth from 28 to 90 days is generally low and decreases with increasing concrete 
strength level. This is assumed to be a consequence of the strength limiting effect of 
the lightweight aggregate (Thorenfeldt, 1995). A lower long-term strength gain in 
LWAC results in a lower auxiliary capacity of the LWAC as compared to NWC 
designed to comply with the same strength grade.  
 
2.3.2 Tensile strength 
Tensile strength of concrete is important when considering cracking. LWAC presents a 
flexural and tensile splitting strength slightly inferior to that of NWC of the same 
compressive strength (Clarke, 1993; Zhang et al., 1995). The Norwegian design code, 
NS 3473 (1998) reduces the tensile strength of LWAC compared with NWC of the 
same compressive strength multiplying with a factor (0.3 + 0.7 D/2400) if the tensile 
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strength is not determined by testing, where D is the density of the concrete in kg/ . 
For the ratio between flexural and splitting tensile strength of high performance 
LWAC, values of 1.5 to 1.6 have been found (Curcio et al., 1998).  
3m
According to Weigler et al. (1972), the compressive strength of LWAC increases 
faster than the tensile strength. The ratio tensile/ compressive strength is normally in 
the 5 % to 15 % range for LWAC with compressive strength over 20 MPa. According 
to Curcio et al. (1998) the splitting tensile strength of high performance LWAC is 
about 6 % to 6.5 % of the cylinder compressive strength. The flexural strength of the 
same concrete is 9.8 % to 10.5 % of the compressive strength.  
 
2.3.3 Modulus of elasticity and stress-strain relationship 
The modulus of elasticity is a function of the individual moduli of its ingredients, their 
relative proportions and the bond between aggregate and matrix. Because of the high 
volume percentage of the aggregate in the concrete, the lower stiffness of most LWA 
will result in a lower modulus of elasticity of LWAC compared to NWC (Zhang et al., 
1995). Chi et al., (2003) reported that the properties of lightweight aggregates and the 
water/binder ratio are two significant factors affecting the compressive strength and 
elastic modulus of concrete. A good correlation between modulus of elasticity and 
compressive strength has also been found by Curcio et al., (1998).  
Anson and Newman (1966) reported that the stiffness and proportion of coarse 
aggregate have a considerable effect on the Poison ratio of the concrete. According to 
them, stiffer aggregates are found to be more effective in reducing the lateral 
expansion and hence result in a lower Poisson ratio. Hoff et al., (1995) reported an 
average Poisson’s ratio of 0.20 for LWAC, with only slight variations due to age, 
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strength level, curing environment, or LWA used. 
Stress-strain relationships for LWAC are generally characterized by a more linear 
ascending curve, more limited plastic strain and a steeper descending branch than 
NWC. The linear, brittle behaviour is usually enhanced with increasing strength. This 
will appear in concrete with moderate strength too if moderate density LWA is 
combined with high strength cementitious matrix (Thorenfeldt, 1995).  
 
2.3.4 Drying shrinkage  
Drying shrinkage is caused by the withdrawal of water from concrete kept in 
unsaturated air. It is an important property besides strength and durability for the 
practical construction of concrete. Shrinkage of concrete due to self-desiccation is 
known as autogenous shrinkage. Since its magnitude is of the order of 100 mirostrains 
for NWC, it has been ignored for practical purposes (Davis, 1940). 
There are three microscopic scale mechanisms of drying shrinkage as follows: the 
variation in capillary depression, the variation in surface tension of colloidal particles, 
and the variation in disjoining pressure (Hua et al., 1995). 
When structural lightweight aggregate concretes are proportioned with 
cementitious binder amounts similar to that required for NWC, the shrinkage of 
lightweight concrete is generally, but not always, slightly greater than that of ordinary 
concrete due to the lower aggregate stiffness. Cembureau (1974) reported that the final 
shrinkage of LWAC is about 1 to 1.5 times the final shrinkage of NWC of the same 
strength. Hoffmann and Stock (1983) reported for LWAC with cylinder strength of 40 
to 50 MPa, that the drying shrinkage is 30 % higher than NWC. In ENV-1-4 (1992), it 
is stated that the final drying shrinkage values for lightweight concrete can be obtained 
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by multiplying the values for normal density concrete with a factor 3η defined by 
3η =1.2 (valid for compressive strength of 25 MPa or higher). Unlike NWC, data on 
the shrinkage behaviour of pumice concrete are very limited.  
  
2.3.5 Creep 
Several theories on creep behaviours have been proposed (Neville et al., 1983), and 
these generally fit into two categories, the seepage theory (Glucklich, 1962) and the 
viscous shear theory (Ruetz, 1968). Creep characteristics of any concrete type are 
principally influenced by aggregate characteristics, water and cement content (paste 
volume fraction), age at time of loading, type of curing and applied stress-to-strength 
ratio. The creep strain in concrete can be several times larger than the elastic strain 
under load, causing an increase in long-term deflection, loss of prestress, reduction in 
stress concentration and change in chamber. 
Recent data on creep of LWAC made with different LWA and compared with 
with that of NWC surport the trend that creep of LWAC seems to continue to increase 
even at later ages. Short et al., (1963) states that creep is invariably higher for LWAC 
than for NWC. A difference of 20 % to 60 % of the creep of the NWC is generally to 
be expected. The ultimate creep is higher,  the lower the strength.  
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2.4   Flexural Behaviour Of Reinforced LWAC Beam  
2.4.1 Behaviour of reinforced concrete beam at different stage of 
loading 
(a) Prior to loading 
After initial hardening, concrete begins to shrink and causes compressive stress in 
reinforcement and tensile stress in concrete. These stresses usually vary along the 
beam depth – from the maximum value in the lowermost fiber to a minimum value in 
the top fiber. Due to the existence of these stresses, the cracking moment capacity of 
reinforced concrete (RC) beam will be reduced. Sometimes, these stresses alone can 
cause cracking in a RC member before it is called upon to carry any load. 
When the reinforcement is asymmetrically arranged, shrinkage causes a non-
uniform strain distribution, which results in warping of the member. The effective 
concrete modulus of elasticity of interest should refer to the portion of concrete in 
tension (ACI Committee 435, 1966). For the analysis of shrinkage curvature, 
comparisons with experimental data (Branson, 1963) indicated that good results can be 
obtained by considering gross section properties and using a reduced modulus Ect equal 
to Ec/2 to account for the associated creep effect in which, Ect is the sustained modulus 
for the effect of creep and  is the concrete modulus of elasticity obtained from 28 
day cylinder test. 
cE
 
(b) Cracking and cracking moment 
A RC beam responds elastically prior to cracking and the normal stresses generated by 
bending will be shared by both the steel reinforcement (rebar) and concrete in 
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proportion to their elastic modulus. Cracking occurs when the stress in the extreme 
tensile fiber reaches the modulus of rupture of the concrete, fr. Although, the use of un-
cracked transformed section properties taking into account presence of steel rebar, 
would be theoretically more accurate, the corresponding cracking moment, Mcr, is 
usually determined using elastic theory based on the properties of gross concrete 







                                                                                                                   (2.1) 
 
where Ig is the moment of inertia of gross concrete section ignoring steel 
reinforcements; and y is the distance of the extreme tension fiber from the neutral 
axis. 
t  
Depending on the amount and arrangement of reinforcement, shrinkage-induced 
stress, fsh, at the extreme tension fiber may be substantial. If the effect of shrinkage is 
included to obtain more accurate prediction of cracking moment, Equation 2.2 should 




gshr Iff )−Mcr= y
(
                                                                                                    (2.2) 
In both studies, it 
ses the ACI 318 (1999) equation for modulus of rupture as follows. 
 
      The influence of shrinkage induced stress on cracking moment can be seen from 
the test observations reported by Paulson (1989) and Ashour (2000). 
u
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cf                                                                                                             (2.3) 
e  is the cylinder compressive strength of concrete in MPa. 
is (Figure 2.1), which is 
 
 'cfwher
       
(c) Post -cracking behaviour under service load 
As the load is increased, cracks propagate quickly upwards towards the neutral axis, 
which in turn shifts upward with progressive cracking. In well-designed beams, the 
widths of these cracks are so small that they are not objectionable from the viewpoint 
of either corrosion protection or appearance. The spacing of cracks may be irregular 
because of random variation in concrete tensile strength. The stresses in tensile steel 
vary locally along the beam, reaching its maximum value at the cracked section. Under 
the usual service load, the stress in the extreme compression fiber remains small 
enough to assume a linear variation.  At a cracked section, there is a small region of 
concrete directly above the crack but below the neutral ax
subjected to tensile stress, but its effect is usually neglected. 
            Crack spacing and crack width-The maximum crack width in a RC beam under 
service load should be limited for aesthetic and durability concerns. It is well known 
that the closer the crack spacing, the smaller is the resulting maximum crack width. In 
a flexural member, cracks are classified into primary cracks and secondary cracks. The 
spacing of primary cracks depends on the depth of the member, while that for the 
secondary crack, which forms between two primary cracks, solely depends on the 
interfacial bond strength between the surface of tensile steel and the surrounding 
concrete. The present ACI Code methods for crack control has shown that crack width 
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nding theory gives the following equation to estimate the maximum 
(mid-span) deflection. 
 
is generally proportional to the amount of stress and the amount of the cover on the 
steel. There is very little experimental informati
viour of pumice concrete flexural members.  
 Maximum deflection and service load-The most critical issues in c lculating 
maximum deflection of a beam are the determi ation of cracking moment ( crM ), 
elastic mo us ( cE ) and moment of inertia at cracking ( crI ). The use of LWC results 
in lower values of crM , and cE  consequently a lower moment of inertia. Consequently, 
LWC beams are likely to undergo larger deflection at service load compared to 













                                                        (2.4) 
where maxδ is the maximum deflection at midspan in m; p is the applied point loads; Ma 
is the applied maximum (mid-span) moment in MPa; L is the beam span in m; a is the 
shear span in m; Ec is the elasticity of mo lus of concrete in MPa. Idu
tion in . The ACI code (ACI 318, 1999) specifies 
 to predic  as follows: 
 
 I =I (for uncracked beam)                                                                                 (2.5) 
I
e is the effective 
moment of inertia of the beam sec  4m
equations t eI
e g            
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y; is the cracking moment capacity of the beam obtained by using the 
axim
ms.  Further study is needed to investigate 
ice concrete beams. 
a moment is eventually reached when the steel yields. At this stage, the section is 
in a condition of high overload. Nevertheless, it can usually accept a further small 
at first yield, In order for the moment to increase above the internal lever arm, 
between the compressive and tensile stress resultants, must increase. This can occur 
where gI  and crI are the moments of inertia of gross and cracked section 
respectivel crM  
gross concrete section.  
        In calculating the m um deflection of a RC beam, an accurate assessment of 
the flexural stiffness ( cc IE ) of the beam is of utmost importance. Based on 
experimental results, it has been reported that the specification in ACI 318 (1999) 
underestimate the maximum deflection at service load for high strength normal weight 
concrete (HSC) beams (Pastor et al., 1984; Paulson et al., 1989; Ashour, 2000).  
Ahmad (1991) reported that ACI code predicts well the maximum deflection at the 
service loads for high strength LWAC bea
the behaviour of pum
 
2.4.2 Behaviour at overload 
As the applied moment, M is increased above the service load, the compressive 
concrete becomes more highly stressed and behaves in an increasingly non-linear 
manner particularly for NWC. For LWC, concrete stress increases more or less 
proportionally with strain, so that the stress block remains almost triangular until the 
extreme compression fiber reaches its peak stress. In the case of under-reinforced beam, 
increment in moment and the moment capacity, is slightly higher than the moment 
 yM   
uM  
yM .  yM , 
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e capacity of the concrete is not exhausted at moment My. because the compressiv
 
(a) Flexural strength 
Flexural strength is determined from the stress strain distribution across the depth of 
concrete section. At ultimate level, the unconfined concrete is assumed to fail when its 
compressive strain reaches a limiting value. In ACI 318 (1999), this ultimate 
compressive strain ( cuε ) is considered as 0.003, while in BS 8110 (1997), the ultimate 
compressive strain of concrete is assumed as 0.0035. Either of these values will be 
conservative for NWC but it will be unconservative for high strength LWAC. This is 
because the ultimate compressive strain capacity of unconfined LWAC decreases with 
an increase in concrete strength.
At ultimate load, the compressive stress block may be assumed to be rectangular, 
trapezoidal, parabolic or any other shape that results in prediction of strength in 
substantial agreement with the results of comprehensive tests (ACI 318, 1999). Thus 
rather than using a representative stress-strain curve, simple geometrical shapes which 
are easier to use in computations are acceptable. ACI 318 (1999) permits the use of the 
equivalent rectangular concrete stress distribution for ultimate strength calculations.  It 
also specifies a uniform concrete compressive stress of '1 cfα ( )85.01 =α distributed 
over an equivalent compression zone bounded by edges of the cross section and 
straight line located parallel to the neutral axis at a distance c1βα =  from the fiber of 
maximum compression strain (see Figure 2.1). For this relation, c is the neutral axis 
mpression face and 1β is the equivalent stress block depth factor. The depth from co
factor 1β  is considered equal to 0.85 for concrete with compressive strength as high as 
27.6 MPa. 
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urvatures. Ductility becomes important for LWAC members because an increase in 
oncrete  
strain capacity in compression. The displacement ductility index, 
(b) Ductility 
Ductility of RC member is a measure of its ability to undergo large deformations 
without failure. For flexural members, these deformations may be the deflection or the 
c
c  strength increases its brittleness and higher strength concrete has less ultimate









                                                                                                                    (2.7) 
 
fwhere δ is the maximum beam deflection at failure in m and yδ is the maximum 
deflection at the yielding of tensile reinforcement in m.  
Ahmad (1991) found that both normal and high strength lightweight aggregate 
concrete beams exhibit insufficient displacement ductility (less than 3) when 
reinforced with bρρ /
rginally ac
> 0.40. Beams with 75.9 MPa concrete strength exhibit ductility 
that is ma ceptable when reinforced with bρρ / of 0.22. For this relation 
ρ and bρ  is the steel reinforcement ratio and balanced steel reinforcement ratio across 








































  Chapter Three: Production of pumice lightweight aggregate concrete 
 
CHAPTER THREE 
PRODUCTION OF PUMICE LIGHTWEIGHT 
AGGREGATE CONCRETE 
 
In this chapter, the selection of the materials, mix proportioning guidelines and the 
production procedure adopted in the thesis reported herein are described. The 28-day 
compressive strength, fresh, air-dry and oven-dry densities are reported for all the 
chosen mixes.  
 
3.1  Selection Of Materials 
3.1.1    Pumice aggregate 
Pumice is a natural material of volcanic origin produced by the release of gases during 
the solidification of lava (Asgeirsson, 1994). Their treatment is only via mechanical 
handling, crushing and screening (Spitzner, 1995).  
 
(a) Chemical properties 
Pumice is a pozzolanic material because of its reaction with lime (calcium hydroxide) 
liberated during the hydration of cement (Jackson, 1983). Amorphous silica present in 
the pozzolanic materials combines with lime and forms cementitious materials. Table 
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(b) Porosity and water absorption 
The porosity and water absorption characteristics greatly affect the properties of the 
fresh mix, as well as the hydration properties. According to ASTM C566 (1997), the 
result of water absorption is given in Table 3.2. 
 
(c) Shape and surface properties 
Figure 3.1 shows the shape and surface texture of pumice aggregates used in this study.  
 
(d) Size of aggregate particles 
After having determined the average gradation and dry particle density of each pumice 
group as summarized in Table 3.3 and Table 3.4. Computation of many linear systems 
of two equations results in the choice of 20 % 1 to 5 mm size pumice, 35 % 5 to 10 
mm size pumice and 45 % 10 to 20 mm size pumice, by weight. The gradation chart 
of this combination based on the absolute volume basis is given in Figure 3.2. The 
proportioning of these pumice aggregates of different sizes is done so as to have a 
mixed aggregate whose granulometric curve is within the “favorable region” based on 
the absolute volume  by ASTM C33 (1993). 
 
(d) Density of aggregates 
The bulk density of LWA is the relation between the mass of a pile of aggregates and 
the volume it fills, including the voids between aggregates. It should be measured 
without compaction, to avoid the influence of this parameter. The real density of LWA 
should be determined either by ensuring a saturated surface dry state of the aggregate 
(ASTM 127, 2001) or using a viscous fluid (DIN 4226, 1983) to avoid effects of water 
absorption. Table 3.4 gives the test results of density of pumice aggregates by ASTM 
31  
  




(e) Aggregate strength 
BS 812 (Part III), 1990 describes a method for the determination of ten percent fines 
value (TFV) of aggregates, which give a relative measurement of resistance of an 
aggregate to crushing under a gradually applied compressive load. The values of TFV 
of pumice aggregate are given in Table 3.5. 
 
3.1.2 The cement 
In Singapore, Type A Ordinary Portland Cement (OPC) is most readily available to 
produce high strength concrete, both in the laboratory and at the construction site. 
Therefore Type A OPC from the same source is selected for all mixtures. Table 3.6 
gives the composition of the OPC used. 
 
3.1.3 Natural sand 
The physical properties of the natural sand are given in Table 3.7. The specific gravity 
and fineness modulus are 2.62 and 2.6 respectively. 
 
3.1.4 Superplasticizer 
In this study, anaphthalene based superplasticizer, Daracem-100 from GRACE 
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3.1.5 Silica fume 
The composition of condensed silica fume in this study is given in Table 3.8.  
 
3.1.6 Ground granulated blast-furnace slag (GGBS) 
Specifications of ground granulated blast furnace slag used in this experiment are 
given in Table 3.9.  
 
3.1.7 Air-entraining agents 
The air-entraining agent named MICRO AIR, meeting the requirement of ASTM C 
233 (2001) is used in this study to achieve the desired air content in concrete. 
 
3.2 Proportioning Guidelines Adopted 
3.2.1 Variables  
The main objective of the research program is to investigate structural properties of 
LWAC with pumice aggregates, with compressive strength more than 20 MPa which 
could be used in reinforced concrete (RC) structures. Consequently, several mix 
variables are studied. Three mixes (referred to as A, B and C) are designed to have 
compressive strength in the range of 20 to 30 MPa. Three different water to binder 
(w/b) ratios are selected. The pumice content, amount of replacement of natural sand 
by fine pumice, air content as well as the replacement of cement by cementicious 
materials are the obvious factors affecting the properties of pumice concrete. However, 
there have been no reports about results relating to these factors. So the above factors 
are also chosen as variables. 
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3.2.2 Proportions used 
With consideration to the factors discussed in Section 2.2 and 2.3, the following 
procedure is adopted in proportioning the mixes. 
Water to binder ratios of 0.43, 0.33 and 0.27 are selected as for these water to 
binder ratios, formulas by Chandra and Berntsson (2001) and Videla and Lopez (1997) 
indicate approximate 28 day compressive strengths of 20 to 30 MPa with fresh density 
of 1800 kg/m3. If the volumetric method for mix proportioning of ACI 211.2(1998) is 
followed, the next step would be to determine the amount of mixing water to achieve a 
desired workability. The workability of high strength LWAC is almost totally 
dependent on the amount of superplasticizer used. Hence, this step of workability 
control is omitted in high strength LWAC. The next step is to determine the cement 
content for a given water to cement ratio. The cement content-strength relationship is 
similar for a given source of lightweight aggregate but varied widely between sources. 
In DIN 4219 (1979), Section 5.2.2, the minimum cement content of 300 kg/m3 and a 
maximum content of 450 kg/m3 is required. Then binder contents of 350, 450 and 550 
kg/m3 are selected in this study.  
The supplier’s specification for use of the chosen superplasticizer is 0.6 to 1.2 
litres/100 kg of binder. 
The content of pumice has a direct effect on both the compressive strength and 
density. According to ACI 213R-87 (1994), the absolute volume of LWA should 
normally take up 40 % ±  5 % of the concrete and can be adjusted to achieve the 
required density. Due to the lower ceiling strength of the pumice aggregate, a small 
alteration in the content of pumice content would result in significant change in 
compressive strength. Moreover, the combined grading curve has to meet the 
requirement of Fuller curve to safeguard good workability. A subsidiary program to 
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investigate the influence of the pumice content is designed with two further mixes 
with 35 % and 45 % pumice content. 
To further decrease the LWAC density, partial or whole sand amount can be 
replaced by fine pumice aggregates. A mix with 50 % volume replacement of sand by 
fine pumice aggregate is designed. Air entraining agent (AEA) is commonly used in 
LWAC to enhance its workability and improve its durability. However, the entrained 
air bubbles affect the density and compressive strength of the LWAC. ACI 213R-87 
(1994), Section 3.2.15, confines the entrained air content from 2-8 % by volume in 
concrete when the maximum size of coarse LWA is less than 19 mm. A mix with 8 % 
air content is made to study the effect of the air content on the properties of the 
pumice concrete. 
Cementitious materials have been used extensively throughtout the world 
nowadays. The pozzolanic reaction has several characteristics that affect the strength. 
The comprehensive characteristics of cementitious materials are reported by Rachel & 
Bhatty (1996) and ACI 363.R (1992). In this study, three mixes are designed to study 
the effect of cementicious materials on the properties of pumice concrete, with cement 
replacement by 65 % GGBS, 10 % silica fume, and the combination of 10 % SF and 
55 % GGBS respectively.  
Basic details of all mixtures are given in Table 3.10. In the mix ID number, the 
first letter identifies the binder content, “A” for 450 kg/m3, “B” for 550 kg/m3, “C” for 
350 kg/m3. The first number behind the first letter denotes the influencing phases, 
where “1” for variation in coarse pumice aggregate content, “2” for variation in the 
replacement of natural sand by fine pumice aggregate, “3” for variation in the 
replacement of cement by cementitious materials, “4” for variation in the air content in 
concrete. The second number stands for the sub-mix number.  
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3.2.3 Production workability 
The workability of pumice concrete is measured by the “slump test” in conjunction 
with visual assessment (Figure 3.3). It is attempted to keep the slump at about 150-200 
mm in all mixes by adjusting the dosage of superplasticizer.  
The required amount of superplasticizer to obtain a slump of 150-200 mm is 
increased with a decrease in the content of coarse pumice aggregates. Increases in 
superplasticizer dosages up to 1 litre/m3 are observed when the pumice content 
decreased from 45 % to 35 %, as it is expected that with the reduction in fine particles, 
the workability would decrease, hence more superplasticizer is needed to maintain its 
workability. Mixes of A3 series with the involvement of cementitious materials are 
found to present a better workability with deceased superplasticizer dosage; this is 
because of the lubricating effect of the GGBS and silica fume due to their spherical 
particle shape and the prevention of coagulation of cement by GGBS and SF.  It is 
also found that the increase in air content and the replacement of sand by fine pumice 
could decrease the superplasticizer demand to some extent. 
 
3.2.4 Laboratory mixes 
All the mixes are mixed in the laboratory using the twin shaft mixter (model SD-100 
by PME Pte Ltd, Japan) with a capacity of 0.15 m3 using following procedure: 
1. Before the commencement of the mixing, the mix pan and mixer blades are 
dampened prior to mixing and the internal surface of the mixer are coated with a mix 
of cement slurry (2 kg of cement mixed with l kg water) to compensate for the residual 
cement paste after discharging the fresh concrete. 
        2. The water to be added to the mix is combined with half to 2/3 of 
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superplasticizer or/and AEA prior to its addition into the mix. 
        3. The lightweight coarse aggregate is added to the mix pan along with two thirds 
of the water (including superplasticizer and AEA). After a brief period of mixing, the 
pan is covered with plastic sheeting and allowed to stand for 1.5 minutes. 
        4. The required cement and/or GGBS and/or SF is then added, immediately 
followed by the required sand. 
        5. The mixture is then mixed for 60 seconds after which the rest of the water and 
superplasticizer is added. The mix is then mixed for a further 30 seconds. The mix is 
then hand mixed to ensure full mixing of the constituents. 
        6. The mixture is finally mixed for a further 90 seconds. 
        7. The workability of fresh concrete is adjusted according to the slump 
requirement, through further addition of the remaining superplasticizer. 
 
3.3  Compressive Strength And Density 
The mean 28 day compressive strength is determined by testing three 100 
(diameter)×200 (height) mm standard cylinder cured in a 100 % relative humility fog 
room at 23 C. The strength for each mix is plotted in Table 3.11. The compressive 
strength achieved at 28 days ranged from 18.6 to 27.4 MPa. The coefficient of 
variation ranged from 0.42 % to 6.65 %. 
o
A decrease of 5 % pumice content in the concrete with 40 % pumice in volume, 
with the same cement content and w/c ratio, is found to increase by 18 % in 
compressive strength and 3 % in its fresh density. By increasing up to 5 % of pumice 
content, there will be a 6.2 % decrease in compressive strength and a 4 % decrease in 
fresh density. Meanwhile, the replacement of 50 % sand by fine pumice in volume 
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               (3.2) 
;
a
is the volume of the LW and is the volum rtar in 
concrete in . 
resulted in a 28.3 % decrease in compressive strength and 9 % decrease in fresh 
density. The differences in the mean compressive strength between similar mixes with 
the replacement of cement by cementicious materials are within 8 % and differences in 
fresh density within 7 %. Out of 350 kg/m3, 450 kg/m3 and 550 kg/m3 cement dosage 
in the pumice concrete, an appreciable jump in strength is observed from 350 kg/m3 to 
450 kg/m3 dosage LWC, 34 % increase comparing mixes A1-1 and C1-1. However, 
the change from 450 kg/m3 to 550 kg/m3 dosage concrete is only 6.6 % as shown by 
mixes A1-1 and B1-1. For the mixes A1-1, B1-1 and C1-1, the fresh density varies 
within 5 % of each other. Increasing the air content from 2 % to 8 % in LWC led to a 
decrease of compressive strength of 20 % and the fresh density of 10 % as shown in 
mixes A1-1 and A4-1. The 28 day compressive strength of all the mixes expressed in 
the form of Chandra and Berntsson’s equation is plotted in Figure 3.4. 
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 log                                                                                (3.3) MMlalacon fvfvf log.log. +=
 
where, la is the strength of the LWA in MPa  is compressive strength of mortar 
in MP ; f  is the compressive strength of the LWAC in MPa; a and b are 
coefficients and a=1.0 and b=1.25 for a bulk density of 300 3/ mkg ; A =140 and 





ent content in lav  
A in concrete in / mm Mv e of mo
/ mm ρ is the particle density of LWA in .3/ mkg
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Table 3-1. Pumice chemical properties   (Jackson, 1983) 
Chemical sition, % Chemical compound compo
Calc aO) ium oxide  (C 4.44 
Silica (SiO2) 60.82 
Alumina (AL2O )3  16.71 
Ir  ox e Feon id  ( 2O3) 7.04 
SiO2 + Al2O3 + Fe2 O3 84.5 
Sulphur trioxide (SO3) 0.14 
Magnesia (MgO  ) 1.94 
Sodi  O) um oxide (Na2 5.42 
Pota 2 O) ssium oxide (K 2.25 
Loss on ignition 1.52 
 
 
Table 3-2. Water absorption of pumice aggregat






10~20 mm 83 87 
5~10 mm 80 86 
1~5 mm 52 60 
 
 
Table 3-3. Grading of pumice aggregates 
u ) Cum lative passing (%
Pumice   aggreg size (mm) ate   
Sieve Opening 
Size (mm) 
1-5 m P1) 5-10  10-20 20 % P1+3 +45 % P3m ( mm (P2)  mm (P3) 5 % P2
25 --- --- 100 100 
19 --- --- 72.8 86.5 
14 --- 100 19.9 60.3 
12.5 --- 98.8 11.1 55.5 
9.5 --- 43.7 0.24 29.1 
7.5 100 8.7 0.19 15.7 
4.75 43.5 8.4 0.19 8.6 
2.36 8.1 5.1 0.19 3.0 
1.18 5.3 0.5 0.00 0.8 
0.60 5.0 --- --- 0.6 
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3-4. Densit ice tes
umice   Aggregate   Size
Table y of pum  aggrega  
P  Density 
3(kg/m ) 1  5-  10 m -5 mm 10 mm -20 m
Bu ty lk densi 397 350 346 
Oven dry particle 
density 
1013 571 565 
 
Table 3-5. TFV values for pumice aggregates 
Pum size TF es ice aggregate V valu
6.3~10 mm 76.1 
10~14 mm 78 0 .
14~20 mm 87.0 
 
 
 of Ordinary Portland Cement 
Con %) P  Con ) 
Table 3-6. Chemical compositions
Composition tent ( hysical properties tent (%
Loss ition Fin  3 on ign 0.75 eness (cm2/g) 150 
SiO2 20.57 Specific vity 3.  gra 15
Al2O3 5.00   
Fe2O3 3.23   
CaO 64.31   
MgO 2.35   
SO3 2.57   
K2O 0.71   
Na2O 0.07   
Insoluble residue 0.31   
Total 99.86   
 
Table 3-7. The physical properties of the natural sand 






9.5 0.0 100 
4.75 2.0 98.0 
2.36 8.5 91.5 
1.18 25.5 74.5 
0.60 51.5 48.5 
0.30 78.3 21.7 
0.15 94.0 6.0 
0.00 100.0 0.0 
Fineness gravity 2. 2 modulus/ Specific 60/2.6
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Table 3-8. Chemical composition and physical properties silica fume  of 
Specific gravity (g/cm3) 2.2 
Spe /g) 20 cific surface area (cm2
L  oss on ignition (%) 1.89 
SiO2 content (%) 93.1 
SO3 content (%) 0.27 
Fe2O3 content (%) 0.9 
CaO content (%) 0.35 
C   content (%) 1.22 
Total alkali 0.9 
Moisture content (%) 0.3 
 
Table 3-9. Specifications of ground granulated blast furnace slag 
G  Property G BS-4000
Specific gravity (g/cm3) 2.90 
Spe /g) cific surface area (cm2 4480 
L  oss on ignition (%) 1.25 
MgO content (%) 6.  25
SO3 content (%) 0 
Cl- content (%) 0.008 
                               Note: 4000 refers to the fineness of the GGBS 
Table 3-10.   Mix proportion of the various concrete mixes 
tit ri
 














































































































































































































C=cement; FA=fine aggregate (sand); C=coarse aggregate; SP = superplasticiser; GGBS=ground 
th 
arameter of entrained air content; Group A1-1, B1-1, C1-1 varies with parameter of cement content. 
granulated blast furnace slag; SF=silica fume; w/b=water/binder ratio. 
          Group A1-1, A1-2, A1-3 varies with parameter of pumice aggregate content; Group A1-1, A1-2 
varies with parameter of replacement of sand by fine pumice aggregate; Group A1-1, A3-1, A3-2, A3-3 








able 3-11. C ssive strength and density of pumice concrete 
Compressive strength Den ) 
T ompre
(MPa) 
sity (kg/m 3 
Mix 
2  A  O  
No. 
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Figure 3.1. Pumice aggregates 
Note:  (a) cut-section view of 10-20 mm pumice aggregates; (b) view of 5-10 mm pumice aggregates.  




































P3: 10-20mm pumice aggregate
20%P1+35%P2+45%P3
 
Figure 3.2. Grading curves of pumice aggregates and their combination 
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       (a) Slump test on pumice  concrete before casting 
Figure 3.3. Fresh pumice concrete
Figure 3.4. Comparison of the exper sults and Chandra and Berntsson’s 
formula 
concrete               (b) A view of fresh pumice
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CHAPTER FOUR 
MECHANICAL PROPERTIES OF PUMICE 
LIGHTWEIGHT AGGREGATE CONCRETE 
 
This Chapter presents experimental details and the test results to investigate the 
mechanical properties (compressive strength, modulus of elasticity, flexural strength, 
tensile strength, creep and drying shrinkage) of high strength lightweight concrete 
based on pumice aggregates. Material variables include the total amount and 
composition of cementitious materials, pumice aggregate content, replacement of sand 
by fine pumice aggregates and air content. The experimental results are compared with 
code relations and other proposed equations for high strength pumice concretes. Based 
on the results of these tests, recommended relationships of mechanical properties are 
given. 
 
4.1 Experimental Details 
4.1.1 Compression testing 
All are cast in steel moulds. The 100 mm (diameter) ×200 mm (height) cylinders and 
100 mm×100 mm 100 mm cubes are filled in two layers and the 150 mm (diameter) 
300 mm (height) cylinders in three layers. All the specimens are placed on a variable 
speed vibrating table and the moulds are vibrated after each layer is filled. The top of 
the cylinder or cube is finished with a trowel to obtain a smooth surface. Each cylinder 
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Specimens are demoulded after 24 hours and are immediately transferred to a 100 
% relative humidity fog room which had a constant temperature of 28 C. They are 
cured until taken out to be prepared for testing. 
°
      One draw back in using cylindrical specimens to determine the compressive 
strength of concrete is that one of the loaded surfaces is finished by hand toweling. 
ASTM 617 (1998) requires the cylinders to be grinded into a plane surface or capped 
with a high strength capping material which is as strong as the concrete tested.  
All compressive tests are carried out in a 3000 kN capacity Avery-Denison 
compression testing machine (see Figure 4.1). The specimens are loaded at a 
displacement rate of 2.5 mm in 5 minutes for 150 mm (diameter)×  300 mm (height) 
cylinders and 2.5 mm in 10 minutes for 100 mm (diameter) 200 mm (height) 
cylinders. These operating rates of the machine are closest to that recommended in 
ASTM C39 (2001). The rate of the loading is approximately 200 kN/min whereas 
those recommended in ASTM C39 (2001) is 260
×
± 60 for 150 mm (diameter)×300 
mm (height) cylinders. Mak (1993) has shown that there is little difference in strength 
obtained using the two loading rates, 2.5 mm per 5 minutes and 2.5 mm per 10 
minutes for 100 mm (diameter)×  200 mm (height) cylinders. All the pumice concrete 
shows explosive brittle failure.  
 
4.1.2 Compressive stress-strain relationship testing 
All the ten mixes in this study are included in the experimental program. A 
compressometer such as that recommended for elastic modulus test following ASTM 
C469 (2002) is considered unsuitable for measurement of the average vertical 
displacement of the concrete specimens since explosive failure is expected at the peak 
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stress which will damage the system. Therefore, electrical resistance strain gauges are 
used as strain measuring device to measure the strain up to the peak load. Strain 
gaug
opposite sides. A second hardened 
plate
grinded at both ends and are kept at room temperature for a week 
befo
aving the pores covered with the resin. 
Stra
t is not possible to obtain the 
descending portion of the stress strain curve in this test. 
 
es recommended for concrete with a gauge length of 65 mm are chosen. 
The ends of the concrete specimens are grinded to be parallel. In the middle of 
one third of the height of the concrete specimen, two strain gauges of 65 mm gauge 
length are fixed longitudinally on two diametrically 
 is placed on the top of the concrete specimen. 
All  the specimen are cured in the fog room until 90 days, specimens had to be dry 
before attaching strain gauges, as the glue is found to be affected by moisture. 
Specimens are 
re testing. 
The positions of the longitudinal strain gauges are marked in two diametrically 
opposite sides in the middle one third of the height of the cylinders. The surface of the 
cylinder at these positions is grinded to obtain a smooth surface. Epoxy glue is used to 
cover the minute pores on the surface and left to cure for 24 hours. The surface is then 
ground again until the concrete is exposed le
in gauges are then glued on to specimen. 
Cylinders are placed on the lower platen of the testing machine and the testing is 
carried out under deformation control at 2.5 mm in 10 minutes (see Figure 4.2). The 
strain gauges and a linear variable differential transducer (LVDT) are connected to a 
personal computer. Strain gauges and load readings are recorded at one second 
intervals and load displacement data is plotted on the screen simultaneously. All 
specimens exploded at peak stress in a brittle failure. I
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4.1.3 Tensile strength 
 Splitting tensile strengths are conducted for all mixes at 3, 7, 28 and 91 days. 
Specimens are 100 mm (diameter) × 200 mm (height) cylinders. Specimen 
preparation and testing for all mixes is carried out according to ASTM C496 (1996) 
recommendations on a Denison compression testing machine. Three specimens are 
sampled from each mix for one test.  The specimens are moist cured for 7 days, air 
dried at 30 ± 2 °C and exposed in 65 ± 5 % relative humidity for the following 21 
days before the test is carried out on the 28th day. A typical failure mode for the 
splitting tensile test as well as the cross-sectional failure planes is shown in Figure 4.3.  
Modulus of rupture tests for all mixes are carried out at 3, 7, 28 days by a Denison 
compression testing machine. Three specimens are used for each mix. The test 
specimens are 100 × 100 × 400 mm prisms and are moist cured in a fog room until the 
testing day. The testing procedure conforms to ASTM C78 (2002) (see Figure 4.4).  
The loading span is 300 mm and the rate of loading is 12 N/minute.  
 
4.1.4 Modulus of elasticity and Poisson ratio 
The static modulus of elasticity of all mixes is determined experimentally at 3, 7, 28 
and 90 days. 100 mm (diameter) × 200 mm (height) specimens are prepared as 
described in compression specimens. 
A compressometer with four vertical LVDT is used to measure the average 
vertical strains over the middle third portion of the specimens. An extensometer 
mounted horizontally on a ring is positioned to measure the lateral strains (see Figure 
4.5) the LVDT are connected to a Doric data logger which enabled the readings to be 
recorded. The vertical LVDT are calibrated to an accuracy of 0.002 mm and horizontal 
LVDT to 0.001 mm. 
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A 5000 kN capacity Instron universal testing machine is used for this test. The 
rate of loading adopted is the same as that of the compression testing of cylinders, 
which is approximately 240 kN/min for 100 mm (diameter) 200 mm (height) 
cylinders. This is the closest operating rate of the testing machine to that 




The specimens are initially loaded up to 40 % of the average failure load of the 
standard cylinder and then unloaded with no recording of any data during the first and 
second loading cycles.  Load and LVDT readings are recorded at 1 second intervals 
for two subsequent loading cycles up to 40 % of the estimated failure load. Three 
specimens from each mix are tested from all other mixes for a particular age. 
 
4.1.5 Drying shrinkage 
Prismatic specimens of 100 400100××  mm are used to monitor the drying shrinkage 
of the hardened pumice concrete. A total nine prismatic specimens are prepared for 
each mix, of which 3 specimens are used for 3 exposure ages (after 1, 7 and 28 days of 
curing). The specimens are covered with a plastic sheet to prevent water evaporation 
until demoulding. After demoulding, the specimens for the 1 day tests are tested and 
the rest are stored in a fog room until the age of testing. The tests for the drying 
shrinkage measurements are conducted in a room equipped with air circulating system 
which consisted of fresh and exhaust air blowers, with temperature maintained at 
30 2 ° C and relative humidity of 65 %± ± 5 %. 
Upon the demoulding of the concrete specimens for one day curing, Demec pins 
are glued onto the side surfaces of the specimens. A fast setting epoxy Araldite is used 
so that initial measurement can be taken within 1 hour after attaching all the pins on 
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the surface.  As for the drying shrinkage test of the concrete that are cured in fog room 
for 7 and 28 days, the specimens are removed from fog room on the day of testing. 
Demec pins are quickly glued onto the side surface of the specimen after drying the 
points of contract. A Demec gauge is used to measure the deformation of concrete 
specimens (see Figure 4.6). It has a gauge length of 200 mm and a resolution of 0.002 
mm, which corresponds to 10 microstrains. 
 
4.1.6 Creep 
Creep test in compression of pumice concrete is carried out basically in accordance 
with ASTM C512 (1994) except that the temperature and relative humility adopted are 
different. According to the ASTM standard, the curing and storing of specimens shall 
be carried out under temperature of 23 ± 1.7 C, However, the average temperature in 
Singapore is higher and therefore, 30
o
±  2 C   adopted for curing and storing. Besides, 
the standard recommends that the relative humility for storing the specimens shall be 
50 ± 4 % relative humility. In Singapore, a relative humility of 65 % ± 5 % is adopted. 
Cylin
o is
der specimens with the dimensions of 150 mm (diameter) 300 mm (height) 
are m
×
oist cured at the temperature of 30 ± 2oC until the 7 days. The specimen are then 
moved to the creep room with ambient temperature of 30±2 oC and relative humility 
of 65 ± 5 %. The specimens are loaded at the age of 28 days (see Figure 4.7). The 
compr ssive strengths of the specimens are determined immediately before loading 
the creep specimens in accordance with ASTM C39 (2001). Stress applied on the 
specimen is 40 % of its compressive strength at 28 days. The values of compressive 
creep are calculated by subtracting the free drying shrinkage from the total 
deformation (excluding the elastic strain upon loading). 
e
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4.2 Results and Discussion 
4.2.1 Compressive strength 
Results of all the compression strength tests carried out as part of the experimental 
work reported in the thesis are tabulated in Table 4.1 and 4.2.  
 
(a) Size effects 
In ASTM C39 (2001), the standard specimen for measurement of strength is a 150 
mm (diameter)×300 mm (height) cylinder. If the height of the specimen is sufficient, 
the stress distribution in the middle is reported to be free of the end effects and is in 
fairly uniform compression (Kotsovos, 1983). 100 mm (diameter) 200 mm (height) 
cylinder and 100 mm 100 mm
×
× ×100 mm cube specimens are also permitted provided 
that the maximum aggregate size is less than 20 mm. 
The statistical weakest link theory associated with failure of brittle materials 
(Tucker, 1945; Neville, 1959) predicts that the larger the volume of the material 
subjected to a certain stress, the larger the possibility of having flaws which initiate 
failure and therefore lower the apparent strength. However, the variability in strength 
results is said to be higher in smaller specimen in a phenomena called size effect 
(Malhotra, 1976). The weakest link theory is mostly associated with tensile failure. 
And since failure of a concrete compression test specimen is a combination of shear 
and tensile splitting, size effect would have a certain influence. 
The effect of curing on the strength of cylinders of two specimen size will not 
different so much for lightweight aggregate concrete. The water absorbed during 
mixing and transportation provides a reservoir of free water available during curing to 
assist in the hydration of the paste. Experiments with mixes having a blend of LWA 
have shown a reduced sensitivity to curing processes (Weber et al., 1995). 
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      The correlation between cylinder and cube strengths of LWAC seems to be more 
related to the type and amount of LWA than the strength level of concrete. Smeplass 
(1992 and 1997b) found average values of 0.90 for a substantial number LWAC 
containing LWA of the Leca 800 and Liapor 8 types, and average values of 0.95 for 
LWA of the Leca 700 type. LWAC containing both coarse and fine LWA may have 
ratios as high as 1.0 (Thorenfeldt, 1995; Smeplass, 1992). The fact that the correlation 
between cylinder and cube strength is different for LWAC and NWC is considered a 
very important point since some standards use strength values based on cylinder tests, 
but use a fixed value for the ratio between cylinder and cube strength. This may lead 
to incorrect estimates of the strength. 
From all the mixes, nine cylinders from each mix of the two sizes (100 mm 
(diameter) × 200 mm (height) and 150 mm (diameter)× 300 mm (height)) and nine 
100×100 ×100 mm cubes are tested to observe the effect of specimen size. Results 
are given in Table 4.1. These results indicate values for the 100 mm 100 mm × ×100 
mm cube/ 100 mm (diameter)×200 mm (height) cylinder at 28 day’s strength has a 
strength ratio of 1.07 with a standard deviation (S.D) of 0.057 and coefficient of 
variation (COV) of 5.33; for 150 mm (diameter) × 300 mm (height)/100 mm 
(diameter)×200 mm (height) cylinder the strength ratio is 0.97 with S.D of 0.026 and 
COV of 2.70. 
 
(b) Strength development with age 
The strength development of the pumice concrete is shown in Figure 4.8. For the 
various mixes, the pumice concrete has a faster hardening factor during the initial 
setting phase than conventional concrete, normally reaching 63 % to 83 % of the 28 
day strength of NWC within 3 days, and 75 % to 93 % of the 28 day strength of NWC 
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within 7 days. Among the mixes, the strength development of concrete mix A2-1 (50   
% sand replacement by fine pumice aggregates) is fastest in comparison to the ones 
with natural sand, since the lighter and rather weak fine pumice aggregates reduce the 
benefit of the stronger cement paste. Incorporation of mineral admixtures in concrete 
influences the rate of hydration of the cement and thereby the strength development. It 
is easy to recognize that the rate of strength development as well as the ultimate 
strength of concrete made with mineral admixtures can be related to the progress of 
pozzolanic reaction by which the continual process of pore refinement and 
improvement in structure at the transition zone occur (Telford, 1988). However, in this 
study it is found that, the strength development of concrete with mineral admixtures is 
similar to that of concrete without mineral admixtures, due to the strength limit of the 
pumice aggregates. 
       For all mixes, there is almost no strength gain after 28 days. This is due to the fact 
that, at earlier ages, the strength is limited by the strength of the paste component 
(Thorenfeldt, 1995). As the lightweight mixes has lower water to cement ratios, the 
paste strength, therefore dominates the strength development during the first 7 day 
period. Beyond about 7 days, the strength of the paste in the lightweight concrete 
begins to approach the strength of the aggregate and a ceiling is reached shortly after. 
This indicates that the strength development over the longer term has been limited by 
the strength of the lightweight aggregate. The missing long term strength growth in 
LWAC results in a lower auxiliary capacity of the concrete material as compared to 
ordinary concrete designed to reach the same strength grade. An optimal strength/ 
density ratio in LWAC is often obtained exploiting the strength properties of the 
aggregates to the limit.  
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(c) Effect of cement content on the compressive strength of pumice concrete 
Out of the 350 kg/m3, 450 kg/m3 and 550 kg/m3 cement dosage in the pumice concrete 
mixes, an appreciable jump of 6.6 MPa in compressive strength from 350 kg/m3 
cement dosage LWC to 450 kg/m3 is observed. However, the increase in strength from 
450 kg/m3 to 550 kg/m3 dosage of cement in LWC is relatively lower, only 2 MPa.  
      The design curve correlating the compressive strength and water to cement ratio of 
dense gravel concrete do not apply to LWAC. In general, in order to reach the same 
strength, a LWAC needs more cement or binder than conventional concrete (Newman, 
1993). The increase in strength for a given increase in cement content depends on the 
LWA type. On average, a 10 % increase in cement content will provide a 5 % increase 
in strength (Newman, 1993). It is observed in this study that a 12 % increase in 
strength resulted from a 10 % increase in cement content from 350 kg/m3 to 450 kg/m3.  
      Today the water/binder ratio is considered to be even more important than the 
absolute cement content. Zhang et al. (1995) and Newman (1993) confirmed the 
strength of the LWA as the primary factor controlling the upper strength limit of the 
LWAC. The strength limiting effect of LWA increases with decreasing water/binder 
ratio (Smeplass, 1997a). Such results will form the basis for practical guidelines for 
the choice of aggregates within each strength grade. Definition of an upper strength 
grade of LWAC will depend on the strength of available LWA (Smeplass, 1997b). 
Compared with NWC, there is a lower increase in strength with an increase in the 
amount of cement. This is because the potential of the pumice aggregate dominates the 
attainable strength and the long term strength (Faust, 2002). A minor effect of the 
water/binder ratio on the strength has also been reported by Rønne et al. (1993). In this 
study, it shows that a limiting compressive strength of 25 MPa of pumice concrete can 
be achieved with a cement content of 450 kg/m3. 
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(d) Effect of pumice content on the compressive strength of pumice concrete  
Since the pumice aggregate is the weakest link in the pumice concrete, its content in 
concrete significantly affects the compressive strength. In the study, there is a 22 % 
and 6.2 % increase in compressive strength when pumice content decreased from 0.45  
to 0.4 m3/m3 and from 0.4 to 0.35 m3/ m3 in concrete, respectively. By contrast of the 
ratio of compressive strength to air dry density, a pumice content of 0.4 seems to be 
optimal among the 3 mixes with pumice aggregate content of 0.35, 0.4 and 0.45 m3/ 
m3 , respectively. 
Several researchers (Videla and Lopez, 1997; Chelouah, 1996) have investigated 
the effect of LWA content on the compressive strength, proposing the formula of 
compressive strength with variables of the strength and volume of mortar and LWA in 
concrete. Moreover, Chelouah (1996) found that, in the case of expanded clay and 
shale, the mixes with different volume ratio of aggregates and binder show nearly 
minor effect on compressive strength, attributing this to the better elastic compatibility 
of the components. But for pumice concrete, due to the weakness of pumice aggregate 
and stronger mortar, there can be a difference in the elasticity of the components, 
leading to an increase in strength with an increase in mortar content. 
 
(e) Effect of sand replacement by fine pumice aggregates on compressive strength 
In order to decrease the LWAC density, sometimes, it is necessary to replace fine 
lightweight aggregates with sand (ACI 213R, 1987). The compressive strength 
decreased by 27 % from 25.8 MPa in mix A1-1 to 18.8 MPa in mix A2-1 with 
corresponding oven-dry density decreasing 15 % from 1606 kg/m3 to 1366 kg/m3. The 
loss in strength is more pronounced than the decrease in density. Faust (2000) reported 
that replacement of natural sand by lightweight fine aggregate reduces the 
compressive strength of mortar. Simultaneously, the influence of the effective water-
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binder ratio becomes more insignificant in the case of lighter matrices 
 
(f) Effect of the air content on the compressive strength 
There are three major reasons for intentionally entraining air into concrete, i.e. for 
durability, cohesion and density modifications. It is always assumed that the 
entrainment of air in concrete leads to a considerable reduction in compressive 
strength. Popovics (1969) reported that each percent of air will reduce the strength by 
about 5 % for normal weight concrete. A similar result is found in this study that the 
compressive strength decreased from 25.8 to 18.6 MPa when the entrained air 
increased from 2 to 8 % in the pumice concrete, an average of 4 % compressive 
strength loss with the increase of 1 % air content (see Table 4.1). 
However, a better result is gained by Olafur (2002), an average of 1.82 % 
compressive strength loss per 1 % air –entrainment, when a pumice concrete with 
fresh density of 1773 kg/m3 and compressive strength of 25.9 MPa had its entrained 
air content increased from 2 % to 13.7 % in volume. Olafur (2002) replaced the 13 % 
concrete content by the entraining air in the mix and decreased the pumice aggregate 
content by 15 %, instead of replacing sand by the air content in this study. The 
difference in the strength loss rate by air-entrainment in the two methods    (Popovics, 
1969; Olafur, 2000) can be attributed to the different elasticity match of the air-
entrained mortar and pumice aggregate. 
 
(g) Effect of cement replacement by cementitious materials on compressive 
strength 
The result shows the influence of replacement of cement by 10 % silica fume, 65 % 
GGBS and a combination of 10 % silica fume and 55 % GGBS on compressive 
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strength of pumice concrete. 
In this study, the strength of mix A3-1 with 10 % silica fume and mix A3-3 with a  
combination of 10 % silica fume and 55 % GGBS showed marginal difference when 
compared to that of mix A1-1 without mineral admixture, a maximum 3 % difference 
is achieved. Silica fume concrete with normal weight aggregate is considerably 
stronger than the equivalent Ordinary Portland Cement (OPC) concrete at the same 
water to cement ratio due to enhanced interfacial zone (Tasdemir, 1998). Isserman and 
Bentur (1996) found that the physical and chemical interfacial processes have an 
influence on the overall strength beyond that of the aggregate strength. From this 
observation, it may be concluded that coarse pumice aggregate can be the weakest link 
in pumice concrete.  
The incorporation of 65 % GGBS seems to have little effect on the 28 day 
compressive strength. There is only a 1 % difference in compressive strength between 
the mix A1-1 without mineral admixture and mix A3-2 with 65 % GGBS. 
Ramachandran (1995) reported that at 65 % replacement level by GGBS, up to 3 days 
in age, the contribution of the slag to the strength of mortar is low. However, at 7 days, 
strengths almost equal to that of reference mortar is achieved. At later ages, GGBS 
increased the strength of mortar significantly to values higher than that of reference 
mortar made with only Portland cement as binder. Due to the weak pumice particle, 
the strength of pumice concrete depends on the strength and volume of the mortar and 
the pumice aggregate (Videla and Lopez 1997). Consequently, there is no significant 
difference in compressive strength for pumice concretes with and without 65 % GGBS 
replacement. 
The above discussion indicates that the strength of pumice aggregate is the 
limiting factor in the concrete; the transition zone becomes no longer the weakest link 
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in the pumice concrete. When the mortar strength reaches a certain value, the 
corresponding strength of pumice concrete will not increase any more. 
4.2.2 Stress- strain relationship 
The ascending portion of the stress strain curve of the pumice concrete is almost linear 
up to the peak stress for all the mixes (see Figure 4.9 to 4.13) 
      In order to compare the linearity of the different curves, the stress ( ) at which 
each curve deviates from linearity (the limit of proportionality of stress to strain), as a 
fraction of the peak stress is calculated. For the stress-strain curve, linear regression 
fits are obtained for each experiment at curve using data up to 0.4  where '  is the 
cylinder compressive strength. The point at which the experimental stress-strain curve 
deviates from this regression line is taken as the proportional limit for each curve. 





(a) Effect of the cement content on the stress-strain curve 
It can be observed in Figure 4.9 that the stress-strain curve of Mix C1 has higher limit 
of proportionality of compressive stress to the compressive strain, compared to that of 
mix A1-1 and B1-1, whereas the stress-strain curves of Mix A1-1 and B1-1 show a 
close similarity. Obviously, with the increase in cement content or the decrease in 
effective water/cement ratio, the pumice concrete becomes more brittle as the strength 
of LWAC depends on aggregate strength and less on cement paste strength. 
The deviation in the stress-strain curve away from linearity has been associated 
with microcracking at the interfacial zone or in the mortar (Carrasquillo et al., 1981). 
The internal stress in concrete largely depends on the relationship between the rigidity 
of its components i.e. aggregate and cement paste matrix. In LWAC, compressive 
loads are carried mainly by the more rigid mortar matrix corresponding to the stiffness 
58  
Chapter Four-Mechanical properties of pumice lightweight aggregate concrete 
relationship between the aggregates and matrix, which causes transverse stresses in the 
aggregates and matrix. The mechanical interlock causes the strong nature of the 
transition zone, because the cement paste penetrates into the pores on the aggregate 
surface. The second reason is that there is no way for water to accumulate on the grain 
skin because of the porosity of the LWA. Finally, it is believed that LWA are 
pozzolanically reactive. Due to the strong bond forming between the matrix and the 
LWA, failure occurs mostly after the tensile capacity of the aggregates is exceeded, if 
no stress redistribution from the aggregates to the matrix is possible. 
With decreased cement content or increased effective water/cement ratio, both the 
strength and modulus of elasticity of the mortar can be decreased. Thus more tensile 
stresses can be imposed on the pumice aggregate under the same load. Moreover, at a 
higher water/cement ratio, micro cracks can occur in the mortar under lower levels of 
the load. The above factors make the behaviour of mix C1-1 less brittle than that mix 
A1-1 and B1-1. 
The stress-strain curves of mix A1-1 and B1-1 are almost the same in spite of the 
higher cement content of the mix B1-1. This is explained by the way that cracks 
develop in pumice aggregates first when the mortar has enough strength.  
 
(b) Effect of pumice content on the stress-strain relationship  
Mix A1-3 concrete with 35 % pumice aggregate shows a lower stiffness and also 
relatively high deviation from linearity (lower proportional limit) together with a 
smaller maximum strain than mix A1-1 with 40 % of pumice and A1-2 with 45 % of 
pumice (see Figure 4.10). Meanwhile, the stress-strain curves of mix A1-1 and A1-2 
seem to be very much similar. 
     As discussed above, the change in the mortar content of pumice concrete would 
59  
Chapter Four-Mechanical properties of pumice lightweight aggregate concrete 
definitely affect the behaviour of the internal stress. The less the mortar content, with 
more pumice aggregate content, the more transverse stress will be imposed on the 
pumice aggregates, culminating in a less homogenous structure. As shown in Figure 
4.10, the stress-strain curve from A1-3 presented a higher deviation of the linearity; 
however, the stress-strain curves of A1-1 and A1-2 are similar. 
 
(c) Effect of sand replacement by pumice fine aggregate on the stress-strain 
relationship 
The stress-strain curve of mix A2-1 (concrete with 50 % sand replacement by fine 
pumice aggregate) had a lower limit of proportionality compared to the stress-strain 
curve of corresponding Mix A1-1 (see Figure 4.11). This observation indicates that the 
pumice concrete with a high stiffness mortar (cement, sand and water) becomes stiffer. 
      As discussed in Section 2.1, the failure mechanism of LWAC is different from that 
of NWC, which is largely dependent on the stiffness relationship between the pumice 
aggregates and the mortar. With 50 % of the sand replaced by fine pumice aggregate, 
the stiffness of the mortar decreases, and the mortar itself becomes more heterogenous, 
in which cracks can probably occur through the fine pumice aggregates and the mortar. 
Consequently, the concrete becomes more heterogenous compared to concrete without 
sand replacement by fine pumice aggregates.  
 
(d) Effect of cement replacement by cementitious materials on the stress-strain 
relationship  
Figure 4.12 shows the similarity in most of the stress-strain curves among the pumice 
concrete with and without cementitious material replacement. The observation 
indicates that, unlike NWC, the transition zone is no longer the weak phase in pumice 
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concrete and that the compressive stress-strain behavior is largely dependent on the 
pumice aggregate itself. 
      The stress-strain curve of Mix A3-3 pumice concrete with a cement replacement of 
the 10 % by silica fume and 55 % by GGBS has comparably less deviation than that of 
mix A1-1 without replacement and the limits of proportionality of the curves of mix 
A1-1, A3-1, A3-2 are only marginally different. At 90 days, the difference in the 
compressive strength of mix A1-1, A3-1, A3-2, and A3-3 is very small within 
experimental variability.  This may be explained due to excellent aggregate-matrix 
bond and similarity of aggregate and paste moduli ensuring that the matrix is used 
efficiently (Newman, 1993). As a result, LWAC does not fracture due to dislocation 
between the phases, but as a result of the collapse of the arching structure of mortar 
over the aggregate, which has limited strength. The fracture line, therefore, goes 
through the aggregate similar to high strength concrete (Dossier, 1997). Use of 
superplasticizer and silica fume will enhance the interface in concrete and provide 
elastic compatibility between the aggregates and matrix. Thus low stress 
concentrations developing at the interface zone (Tasdemir, 1982). 
      The proportional limit of the stress-strain curves corresponding to Mix A1-1 and 
A3-2 are also comparable as shown in Figure 4-12. Since the deviation from linearity 
of the stress-strain curves of these concrete is mainly influenced by the similar 
properties of the mortar in the two mixes, the influence of the GGBS is not evident. 
 
(e) Effect of different air content on the stress-strain curves 
Figure 4.13 shows the relatively lower deviation from linearity in the stress-strain 
curve of mix A4-1 with 8 % air content than that of A1-1 with 2 % air content. With 
increasing air content, the stiffness of the mortar decreased, making the pumice 
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concrete more homogenous. Hence, the micro-cracks of the pumice aggregates in 
mortar can occur at a relatively higher level of the compressive stress in relative to the 
strength of the pumice aggregates by itself.  
 
(f) Strain at the peak stress in uniaxial compression 
In this study, Table 4.3 gives the strains at the peak stress of the stress-strain curves of 
different mixes. The strain at the peak stress in the study is found to be in the range of 
0.0016 to 0.0020, similar to the results given by Tesdemir (1982). However, the 
maximum strains of pumice concrete are significantly lower than those of NWC or 
other LWAC with artificial LWA at the maximum stress. In a 100 MPa high strength 
concrete, the strain typically ranges from 3  to 4 310−× and  in a 20 MPa NWC, 
the strain is about 3 (Neville,1996). A strain 2.5 30−×  to 3.5  for LWAC 
containing fine fly ash aggregates of compressive strength 25 to 30 MPa is reported by 
Swamy (1983). Rønne (1993) reported that the strain at maximum stress for LWAC 
with lightweight sand and with strength grades of 30 to 40 MPa may have strains at 
ultimate stress 40 % higher than for a NWC of equal compressive strength.  In 
addition, the higher strain at the peak stress is obtained due to the elastic modulus 
compatibility of the constituents. The relatively lower strain of pumice concrete can be 
due to the limiting strain capacity of the pumice aggregates.  
310−×
3 10−× 1  310−×
An accurate value of the strain at maximum stress is important for the plot of 
stress-strain curve of concrete under uniaxial compression. Several investigators such 
as Ahmad and Shah (1985), Almusallam (1995), Tasdemir (1998), Faust (2000) and 
the CEB –FIB (1999) have proposed linear relationships to predict the strain at the 
peak stress in terms of the compressive strength, covering LWAC as well as NWC and 
HSC. These relationships of peak strain with respect to compressive strength given in 
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Equation 4.1 to 4.5 predict that the strain at the peak compressive stress ( cuε ) 
increases with compressive strength. This trend is not observed in the results reported 
in this thesis based on different pumice concretes tested. 
 
1000/)1122.1001732.0( cc f×+−=ε   by Ahmad and Shah (1985)                        (4.1) 
 
62 10)10539.29067.0( −×++−−= ff   by Acccε lmusallam (1995)                          (4.2) 
 
)2200/.6.04.0.(0035.0 cc w+−=ε    by Tasdemir (1998)                                         (4.3) 
 
cε = -(0.025 +1.5)/1000   by CEB –FIP (1999)                                                   (4.4) cckf
 





cε is the strain at the peak stress in uniaxial compression;   is concrete 
compressive strength obtained from cylinder test in MPa;  is concrete compressive 
strength obtained from 150 
cf
cckf
×  150 × 150 mm cube test in MPa; is the air-dry 
density of concrete in kg/
The strain at the peak stress increased from 0.0016 for the 19.2 Mpa strength to 
0.0021 for pumice concrete with compressive strength of 19.2 to 27 MPa respectively. 
The homogenous structure of the lightweight matrix deviates from the elastic 
modulus tests of different matrixes depending on the elastic compatibility which 
governs the shape of the ascending branch of the curve which can be described by 
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 k= cc f/0E ε    by Popovics (1969)                                                                            (4.6)               
 
where is initial modulus of elasticity of concrete in the stress strain model in MPa; 
c
0E
ε is the compressive strain of concrete under peak load f is the compressive stress 




       The value of k is a measure of the linearity of the ascending portion of the stress-
strain curve. For NWC, this value is close to 2 (Smith and Young, 1956). For a 
perfectly linear curve the above mentioned ratio would be equal to 1. Therefore, the 
plasticity factor k for concrete should vary from 2 for NWC and to nearly 1 for LWAC. 
 Regression analysis is carried out to find the best fit relationship, indicating the 
brittleness of pumice concrete increasing with increase of compressive strength. The 
following relationships are found to be best fit for the results obtained.    








0E = w c cf                                                                                                 (4.8) 
where is the initial static modulus of elasticity of the concrete in MPa; 
 
0 cE  ε  is the 
ressive strength of 
the c
usallam (1995), Tasdemir (1998), CEB –FIP (1999) and 
peak strain in uniaxial compression of the concrete; cf is the comp
oncrete in MPa; cw  is the air dry density of the concrete in kg/
3m . 
Figure 4.14 shows the proposed relationships and available data. The 
relationships proposed by Alm
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Faus
mpressive 
strain or the height of the compressive zone is the approach used in design. 
8; Uijl et al., 
995).  The experimental results of tensile strength are given in Table 4.4. 
sed cement content. This is similar to 
the trend observed for normal weight concrete.  
t (2000) are also shown. 
The most important aspect in the design of LWAC is how to account for the 
reduced ductility in LWAC as compared to NWC. With regard to the greater 
brittleness in LWAC, the design should aim to exclude sections with a high percentage 
of tensile reinforcement.  Only in this case, the compressive zone is more relevant and 
plays a bigger role in the design. A limitation on the ultimate concrete co
4.2.3 Tensile strength 
The tensile strength of concrete is small and often assumed to be negligible compared 
to its compressive strength. As pointed by other researchers such as Oluokun et al 
(1991) and Alfes (1990), the cause of the failure of concrete is often in tension. 
LWAC presents a flexural and splitting tensile strength slightly inferior to that of 
NWC of the same compressive strength (Zhang et al., 1995; NS 3473, 199
1
 
4.2.3.1 Flexural tensile strength 
(a) Effect of cement content on the flexural tensile strength 
Figure 4.15 shows the modulus of rupture results plotted against the cement content 
for mix A1-1, B1-1 and C1-1.  Similar to the compressive strength test results, the 
modulus of rupture also increased with an increa
 
(b) Effect of pumice aggregate content on the flexural tensile strength 
Figure 4.16 shows the effect of the pumice aggregate content by percentage volume on 
the flexural tensile strength of pumice concrete. Among mixes A1-1, A1-2 and A1-3, 
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mix A1-2, which has the highest pumice aggregate content and the lowest 
compressive strength, also has the lowest value of flexural tensile strength at the 7 and 
28 days. With the pumice aggregate content decreasing from 0.45 to 0.4 m3/m3, the 
flexural tensile strength increases by about 20 %, similar to the compressive strength 
(an increase of 20 %) as shown in Table 4.1. A further 5 % decrease in pumice content 
results in an 8.5 % increase in the flexural tensile strength whereas the compressive 
strength increases by 23 % with the pumice content decreasing from 0.4 to 0.35 m3/m3 
in the concrete. Regarding the strength development, the 7-day flexural tensile 
strengths are about 83 %, 80 % and 92 % of that at the 28 days for mixes A1-1, A1-2, 
and A1-3 respectively, close to the corresponding values of 81 %, 81 %, and 83 % for 
compressive strength. The observations above indicate that the influence of the 
content of the pumice aggregate on the flexural strength of pumice concrete is similar 
to th
a lower 
at of the compressive strength 
The behavior can be explained by considering the failure modes of concrete in 
compression and flexure. The main difference between the failure modes in the 
modulus of rupture test and the compression test is that in the former, propagation of 
one single crack will be sufficient to cause failure whereas in the latter, a large number 
of combined cracks will only form a failure mode plane (Jones and Kaplan, 1957). 
The pumice aggregate itself rather than the interfacial zone is the weakest link in the 
pumice concrete and the fracture line goes through the aggregate. The stress-strain 
curve of mix A1-2 concrete in Figure 4.11 shows a lower limit of proportionality of 
compressive stress to compressive strain which is attributed to the cracking of 
aggregates. Earlier microcracking initiated in the pumice concrete is reflected in the 
lower proportional limits (see Section 4.3.2 and Table 4.3). This will lead to 
modulus of rupture value for pumice concrete with increasing pumice content. 
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(c) Effect of sand replacement by fine pumice aggregate on the flexural tensile 
ortar strength decreases due to the sand replacement by fine pumice 
ggregate.  
 flexural tensile strength 
eemed to be less influenced by the increase of air content.  
of cement replacement by cementitious materials on the flexural tensile 
strength 
Comparing mixes A1-1 and A2-1, the results show that the 28-day flexural tensile 
strength decreases by 20 % when the percentage of the sand replaced by fine pumice 
aggregate increases from 0 % to 50 % meanwhile the corresponding compressive 
strength decreases  by 30 %. Moreover, compared to mix A1-1, the flexural tensile 
strength and compressive strength of mix A2-1 drops by 11 % and 7 % respectively at 
7 days, 28 % and 20 % respectively at 28 days. The results indicate that there is a 




(d) Effect of air content on the flexural tensile strength 
When the air content increased from 2 % to 8 % in mix A4-1, the 28-day flexural 
tensile strength is found to decrease from 6.12 MPa to 5.06 MPa, resulting in an 
average 2.8 % decrease with 1 % air content increase in pumice concrete. As 





Pumice concrete with silica fume shows a slightly higher flexural tensile strength 
compared to the equivalent mix without silica fume at 28 days, an average 5 % 
increase is observed as shown in Figure 4.17. The 15 % increase in  the flexural tensile 
strength at 7-days is found to be larger than that at 28 days, due to the fast strength 
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development of silica fume concrete. The cement replacement by GGBS does not 
seem
ant increase in 
flexural tensile strength is not obtained by replacement of silica fume.  
gths reducing with age from 28 to 91 days due 
 the statistical scatter of the results. 
 to influence the flexural tensile strength, and only 4 % difference is found. 
The comparable flexural tensile strength values of mixes A1-1, A3-1, A3-3 
confirm that the weakest link in pumice concrete is the pumice aggregate rather than 
the interfacial zone of the aggregate and matrix. Thus, further signific
 
4.2.3.2 Splitting tensile strength 
(a) Effect of cement content on the splitting tensile strength 
The plot of splitting tensile strength with respect to the cement content at 7, 28, 56 and 
91 days is shown in Figure 4.18. When cement content increases from 350 kg/m3 to 
450 kg/m3, the splitting tensile strength increases by 18 %, and a further 100 kg/m3 
increase in cement content leads to only 7 % increase in splitting tensile strength. The 
behavior of the increase in splitting tensile strength with cement content is similar to 
that of compressive strength as shown in Table 4.1, demonstrating the close 
relationship between compressive strength and splitting tensile strength. Further more, 
the mean splitting tensile strength of the mixes with cement contents of 350 kg/m3 and 
550 kg/m3 does not show an obvious increase after 28 days. A few of individual 
specimen test results show mean stren
to
 
(b) Effect of pumice aggregate content on the splitting tensile strength 
Similarly to the flexural tensile strength and compressive strength, the splitting tensile 
strength increases with a decrease in the pumice aggregate content in the concrete (see 
Figure 4.19). Both 17 % and 10 % increase in the splitting tensile strength are noted 
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when the pumice aggregate content decreases from 0.45 to 0.4 and from 0.4 to 0.35 
3/m3 in concrete, respectively. 
 of sand replacement by fine pumice aggregate on the splitting tensile 
l 
tensile strength and compressive strength decreases by 28 % and 27 %, respectively  
ding decrease in flexural tensile strength and compressive 
strength is about 30 %. 





The 28-day splitting tensile strength decreases by 21 % (see Figure 4.20) due to the 50 
% sand replacement by fine pumice aggregate whereas the corresponding flexura
 
(d) Effect of air content on the splitting tensile strength 
The splitting tensile strength seems to be less affected by the increasing entrained air 
content. Mixes A1-1 and A4-1 are compared. The 28-day splitting tensile strength 





One expected observation is that the pumice concrete with silica fume (mix A3-1) did 
not obviously have higher splitting tensile strength than the corresponding mix 
without silica fume. The compressive strength and flexural tensile strength of pumice 
concrete with silica fume are only slightly higher than those of equivalent mix without 
silica fume. It is hypothesized in Chapter Two that the enhanced interfacial zone alone 
could not raise the compressive strength of pumice concrete with 10 % silica fume at 
the low water to binder ratio. The observation indicates that the interfacial zone does 
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not have a significant influence on the splitting tensile strength of pumice concrete. 
Failure planes of pumice concrete specimens tested under both tension and 
compression pass through pumice aggregate without any sign of bond 
failure/interfacial zone. The effect of cement replacement by cementitious material is 
show
tting tensile strength of pumice concrete can be less affected by the 
curin
modes of failure i.e compression, flexural 
nsile failure and splitting tensile failure. 
n in Figure 4.21.  
Visual examination of splitting tensile test specimens of dry mature specimens of 
pumice concrete clearly show visible signs of high moisture contents on the split 
surface and in the pumice aggregates. This shows that well-compacted mixtures with a 
high binder content, particularly mixes which incorporate mineral admixtures (silica 
fume, GGBS), are impermeable and will release moisture very slowly. The high 
strength concrete specimens drying in the laboratory air for over several months are 
still visibly moist over 90 percent of the split diameter (Holm and Bremner, 1994). In 
tests on air-dried LWAC of 30 to 50 MPa compressive strength, the reductions in 
splitting strength caused by differential drying moisture gradients in the concrete prior 
to reaching hygral-equilibrium are significantly delayed and diminished in high binder 
content high strength lightweight aggregate concrete (Holm, 2000). Due to the high 
internal moisture available for hydration from the water-absorption by pumice 
aggregates, the spli
g conditions. 
The results indicate that the factors influencing the failure of pumice concrete 
under a uniform tensile stress are significantly similar to those affecting failure under 
compression and flexure. The weak strength of pumice aggregate can be a dominating 
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4.2.3.3 Relationship between splitting tensile strength and flexural tensile and 
ip between 
the t
.52 as reported by McNeely and Lash 
(196
here ag
i scatter. In 
o arison, for NWC, the ratio increases with comp th (Burnett, 
nd
he traditional relationship between flexural tensile strength,  and cylinder 
compressive strength,  is of the form:       
 
strength 
It is generally established that for NWC, the splitting tensile strength is lower than the 
flexural tensile strength of concrete (Oluokun, 1991). The same relationsh
wo tensile strengths also applies to the pumice concrete in this study.  
The ratios of 1.5 to 1.6 of the ratio flexural strength/splitting tensile strength, of 
high performance LWAC with Leca LWA have been found (Curcio et al., 1998). In 
tests conducted by CUR (1995), no significant difference was observed between NWC 
and LWAC with reference to splitting tensile strength of plain concrete. For NWC, the 
ratio of flexural and splitting tensile strength is 1
3) and 1.34 as reported by Raphael (1984). 
Results of pumice concrete reported here indicates a ratio of flexural strength to 
splitting tensile strength ( spr ff / ) varying from 1.76 to 2.54 at the 7 days and from 
2.17 to 2.34 at the 28 days, a narrow range. The plots of the spr ff /  ratios reported 
ainst cylinder compressive strength is shown in Figure 4.22 and indicates that 
the spr ff /  rat os at 28 days are larger than that at 7 days and much 
mp spr ff /  ressive strengc
1990). 
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nd 0.5 for n which is valid for NWC. 
or LWAC, different modified equations of 4.10 to 4.13 are proposed by FIP (1983), 
Zhang (1991) and RILEM (1993) respectively. 
 
=0.46     by FIP (1983)                                                                                 (4.10) 
 
=0.73    by Zhang (1991)                                                                              (4.11) 
 
 =0.27+0.21   by RILEM (1993)                                                                    (4.12) 
=0.6   by ACI 318 (1999)                                                                            (4.13) 
 
, is the cylinder compressive strength (100
n
cr fkf )(=                                                                                                               (4.9)  
 
where k and n are coefficients. Values of n  between 0.5 to 0.75 have been suggested. 













×200 mm) in MPa; is the cube 
com
cuf
pressive strength (150 150× 150× 3mm ) in MPa;  is the cube compressive ckf
streng 0th (10  ×100 100 
In this thesis regression analysis is performed using the limited flexural tensile 
strength values from pumice concrete, and an equation of the form of Equation 4.8 had 
k of 0.55 and n of 0.75 with a coefficient of correlation of 0.64 and a standard error of 
0.3 MPa .Most of the current available formula for NWC underestimates the flexural 
tensile strength with respect to its corresponding compressive strength (Figure 4-23). 
The formula by RILEM (1993) seemed able to the flexural tensile strength of the 
ice concrete. 
× 3mm ) in MPa. 
pum
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f  =0.5r 5                                                                                                        (4.14) 
 
 
4.2.3.5 The relationship between the splitting tensile strength and compressive 
strength 
 al. (1998), the 
split
d 
com 4.8. The values of 0.42 for k 
and 0.5 for n are adopted by ACI 318 (1999) for NWC whereas FIP (1983) proposed 
val 0
The following equations are for LWAC and NWC. 
 
=0.23    by FIP (1983)                                                                                (4.15) 
75.0
cuf
where rf is the flexural tensile strength in MPa; cuf is the cube compressive strength 
in  MPa.  
According to Weigler et al. (1972), the rate of increase in compressive strength of 
LWAC is faster than the rate of increase in tensile strength. This tendency is observed 
more frequently with high quality concrete. The ratio tensile strength / compressive 
strength is normally in the range of 5 to 15 % for LWAC of compressive strength 
greater than 20 MPa. Smeplass (1992) found that the tensile strength for LWAC with 
natural sand as well as with lightweight sand is about the same as for a concrete with 
normal density in the same strength class. According to Curcio et
ting tensile strength of high performance LWAC is about 6 to 6.5 % that of the 
cylinder compressive strength, whereas the corresponding flexural strength of the 
same concrete is 9.8  to 10.5 % of the cylinder compressive strength.  
The generally accepted relationship between the splitting tensile strength an
pressive strength is shown in the form of Equation 
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spf =0.51   by Slate et al (1986)                                                                        (4.16) 
 
  by ACI 318 (1999)                                                                       (4.17) 
 (4.18) 
 
where is the cube compressive strength (150
2/1
cyf
5.042.0 cysp ff =
 
f =0.47 56.0f   by Rashid et al (2002)                                                                   sp cy
cuf ×150 ×150 ) in MPa;  is the 
cylinder compressive strength ( 150 mm (diameter)
3
cymm f
×300 mm (height)) in MPa. 
In this study, regression analysis is performed using the limited splitting tensile 
strength values of pumice concrete and an equation in the form of Equation 4.8 had 
of 0.253 and of  0.732 with a coefficient of correlation of 0.43 and a standard error 
of 0.2 MPa.  
 
                                                                                             (4.19) 
P (1983), Repheal 
(1984), Slate et al. (1986) and ACI 318 (1999) respectively. Equations 4.16 and 4.18 
equations proposed by FIP 
(1983) and ACI 318 (1999) underestimate the pumice concrete splitting tensile 





where spf  is the splitting tensile strength in MPa; cf is the cylinder compressive 
strength in MPa.                     
Figure 4.24 shows the experimental results of splitting tensile strength vs. 
compressive strength and the other relationships proposed. It presents a comparison of 
the results obtained in this study with those by the formula from FI
sp ff (2534.0= ) 7318.0
seem to predict results of this study well. Meanwhile, 
74  
Chapter Four-Mechanical properties of pumice lightweight aggregate concrete 
4.2.4 Modulus of elasticity and Poisson’s ratio 
Longitudinal and lateral strains for cylinders under compression are calculated at each 
load level. Stress-strain curves are drawn up to a load level of 40 % of the 
compressive strength. The slope of the regression line is determined and compared 
with the standard chord line modulus. The coefficient of correlation for the regression 
fit to the stress-strain curve up to 40 % of the failure load is 0.99 in all cases and also 
the regression slop is within 1± % of the standard chord modulus. Therefore, modulus 
of elasticity, cE  is taken as the slope of the regression line to the stress-strain curve of 
, the t distribution has 
een recommended for establishing the confidence interval (Wright, 1954). The 95 % 
specimens of the 10 pumice concrete mixes using the equation.  
 
pumice concrete up to 40 % of the failure load. 
The Poison’s ratio, cv  is calculated following procedure given in ASTM 469 
(2002). Results for the average cE  and cv  are given in Table 4.5.   
        The scatter of test results for the static modulus of elasticity of NWC is reported 
to be very high (Walker, 1923; Ahmad and Shah, 1985). Statistical measures will be 
helpful in establishing the range in which the result of modulus of elasticity and 
Poisson’s ratio could be expected to fall. For small sample sizes
b
confidence interval of the results of each sample is calculated from each set of six 
T=X
n
±                                                                                                                (4.20) 
 
ts
where, X is the mean of the results of a specimens; s is the standard deviation of the 
sample; t is value obtained from t distribution for n-1 numbers of freedom and 95 % 
confidence interval; n is the sample size.    
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Table 4.5 gives the mean and the 95 % confidence interval for the experimental 
results of static modulus of elasticity and Poisson’s ratio of all mixes at 28 days. It is 
observed that the 95 % confidence interval of a sample is less than 1.5 GPa for the 
static modulus of elasticity of pumice concrete and is less tha  0.024 for the Poissonn ’s 
ratio. This indicates that 95 % of the measured values of the static modulus of 
elasticity fall within the range of about ± 5 % from the mean whereas 95 % of the 
experimental values of Poisson’s ratio have a range of up to ± 13 % from the mean. 
 
(a) Effect of cement content on the static modulus of elasticity 
Modulus of elasticity of pumice concrete is found to have a direct relationship with 
s similar 
tent in the concrete 
 a dominating factor influencing the static modulus of elasticity of pumice concrete. 
t al. (1992), Hirsch (1962), Bremner and Holm (1986).  
 
cement content, and not increase much after 28 days (see Figure 4.25). This i
to the trend shown for compressive strength and flexural strength. 
 
(b) Effect of pumice aggregate content on the static modulus of elasticity 
It is evident from Figure 4.26 that the pumice content has a significant influence on 
the cE  of pumice concrete. The highest cE generally corresponded to concretes 
containing less pumice aggregate content (see Figure 4.27 and Table 4.6 for mix A1-2, 
A1-1 and A1-3). Therefore, it seems that the pumice aggregate con
is
This has also been observed by other researchers e.g.  Aitcin and Mehta (1990), 
Baalbaki e
 
(c) Effect of sand replacement by fine pumice aggregate on the static modulus of 
elasticity 
The results shows that the static modulus of elasticity, cE decreases by 39 %, 25 %,  
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22 %, 19 % and 18 % at 3, 7, 28, 56 and 91 days when 50 % sand by volume in the 
pumice concrete is replaced by fine pumice aggregates (see mix A1-1 and A2-1). The 
results also indicate that there is a similar trend for the static modulus of elasticity and 
e concrete is replaced by 
ith 2 
 air content, the static modulus of elasticity of the pumice concrete with 8 % air 
g strength of higher air content concrete  is achieved at earlier age. 
compressive strength and  tensile strength when the sand in th
fine pumice aggregates.  
 
(d) Effect of air content on the static modulus of elasticity 
As expected, when the air content increases from 2 % to 8 %, the 28-day static 
modulus of elasticity is found to decrease from 17.18 MPa to 12.33 MPa, resulting in 
an average 3.7 % decrease in the static modulus of elasticity with 1 % air content 
increase in pumice concrete. Compared to the 28-day compressive strength which 
decreases by 4 % with 1 % air content increase, the strength loss of the static modulus 
of elasticity seems to be similarly influenced by the increased air content. Whiting 
(1998) reported that for NWC the effect of air content on elastic modulus in 
compression is similar to that of compressive strength, and the modulus will usually 
decrease by 2.5 to 6 % for every 1 % of air content. Unlike the pumice concrete w
%
content does not increase significantly much after 7 days. This can be due to the fact 
that the ceilin
 
(e) Effect of cement replacement by cementitious materials on the static modulus 
of elasticity 
Figure 4.27 shows a comparison of the modulus of elasticity between mixes A1-1, A3-
1, A3-2 and A3-3 using three types of cement replacement. Pumice concrete with 
silica fume shows higher values of cE when compared with concrete without silica 
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fume. However, mix A3-1 with 10 % silica fume has higher cE values, by 5.3 % at 28 
days and 7.2 % at 91 days, compared to those of corresponding mix without silica 
fume, e.g. mix A1-1. The corresponding compressive strength are also higher by 8.2 
% at 28 days and 7 % at 91 days.  Mix A3-3 with cement replacement by 10 % silica 
fume and 55 % GGBS gives the highest values of Es at the later ages, up to 13 % 
increase at 91 days compared to that of mix A1-1. The cement replacement by 55 % 
GGBS leads to a marginally higher elastic modulus at different ages compared to mix 
A1-1 without any cement replacement. It should be noted that in mixes with cement 
replacement by silica fume or/and GGBS, the volume of the paste is comparably 
igher than in corresponding mix without silica fume Consequently, this 
 extent. 
everal empirical formulae proposed for calculating the of NWC and LWAC as a 
fu tio nit weight are given 
 Table 4.7 and are shown in Figure 4.28. 
 
=  (  < 85 MPa)     by  NS3473                                  (4.21) 
 
h  or GGBS. 
contributes to an enhancement of the static modulus of elasticity of the pumice 
concrete to some
 
(f) Experimental values of modulus of elasticity and existing empirical 
relationships    
cE  S
nc n of cylinder compressive strength, cf  and the air dry u  cρ
in
5.13.0 )2400/(9500 ρcckc f cckfE
ccc fwE 043.0
5.1=  (  41 MPa)  by ACI 318 (1987)                                     (4.22) 
 
<cf
5.1)2320/(68953320 cc wf +  (21<  < 62 MPa)  by Slate (1986)            (4.23)        cf=cE  
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3/291 ckfE =  (60< cf <100 MPa)  by Zhang (199 )                                         (4.2 )   
          
where cE is modulus of elasticity in MPa; 
1.c 1  4     
ρ and cw is the air dry density of concrete 
in 3/ mkN ; ckf  is the cube compressive strength (100 mm × 100 mm × 100 mm) in 
MPa; is the cylinder compressive strength (100 mm (diameter)×200 mm (height)) 
c
cckf
in MPa; f is the cylinder compressive  mm eter)  (height)) 
in MPa. 
       The equations above show a comparison of various equations given in Norwegian 
Concrete Code 3473 (1992), ACI 318 (1983), equations given by Slate (1986) and 
Zhang (1991). In Table 4.6 a comparison between the experimental and the various 
empirical calculated values is also given. The calculations are based on the following 
assumptions that the ratio of f /f =1.07 and f /f =0.97. 
For the various concrete mixes, the Norwegian Code appears to give a fairly good 
prediction of elastic modulus within a maximum of 6 % difference, while the ACI 
code significantly underestimates the elastic properties. The equation given by Slate 
(1986) significantly overestimates the actual results. The equation from Zhang (1999), 
gives a reasonable prediction of the elastic modulus for high strength lightweight 
aggregate concrete of 60 to 100 MPa in compressive strength. If used for pumice 
concrete, it will lead to an underestimation of more than 2 times that of the actual 
values. The discrepancy between the predicted values of E  of LWAC from the above 
formulas can be attributed to the difference of types of the LWA used. 
       
              
strength (150  (diam ×300 mm
ck cck c cck
 c
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(g) Relationship of Poisson’s ratio with compressive strength 
 Figure 4.29 shows the experimental values of Poisson’s ratio, cv  plotted against 
compressive strength, cf . Results show a high scatter with values varying from 0.16 to 
0.27 and there is no definite trend with the compressive strength at different ages. As 
shown in Table 4.5, the confidence limits for a sample of five pumice concrete 
pecimens can be as h h as ig 45±  s %. A suggested value of 0.21, irrespective of the 
 to be the median of the results and may be used as the 
tration, such a concrete will have an original 
a different water content, shrinkage may be regarded as proportional to water content 
this study is found to vary between 500 and 1200 microstrains at 168 days, 
significantly higher than that of NWC. 
The drying shrinkage measurements are carried out on prismatic specimens for a 
the drying shrinkage of 1, 7 and 28 days moist cured pumice concrete with different 
cement content but having the same water content. These figures show that the drying 
compressive strength, appears
Poisson’s ratio of pumice concrete. In comparison, a suggested value of 0.2 (RILEM, 
1990; Holm, 1994) is recommended as the Poisson’s ratio of NWC and high strength 
normal weight concrete (HSC) as well as LWAC. 
 
4.2.5 Drying shrinkage  
BS 8810 Part 2 (1985), Section 7.4 states that the 6 month drying shrinkage of NWC 
for an effective section thickness of 150 mm can be about 175 microstrains under 70 
% ambient relative humility. For illus
water content of about 190 L/m3 (where l Lm 10003 = ), where concrete is known have 
within the range 150 L/m3 to 230 L/m3 . The drying shrinkage of pumice concrete in 
(a) Effect of cement content on the drying shrinkage  
period of 168 days according to ASTM 157M (1999). Figures 4.30 (a) to (c) present 
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shrinkage decreases with an increase in cement content within the 168 days observed. 
The drying shrinkage values for mix A1-1, B1-1 and C1-1 are 1076, 857 and 1047 
microstrains respectively for 1 day curing; 1076, 857 and 1007 microstrains 
respectively for 7 days curing;  889, 500 and 872 microstrains respectively for 28 days 
curing. Brooks (1989) demonstrated that the shrinkage of hydrated cement paste is 
directly proportional to water to binder ratio (w/b) between the values of about 0.2 to 
0.6 
ent content) gives the highest drying shrinkage rate and 
mix
 when 
for NWC. At higher water to binder ratio, the additional water is removed from 
capillary pores upon drying resulting in more shrinkage. El-Hind et al. (1994) reported 
that for NWC, a lower water to binder ratio leads to smaller drying shrinkage. It is also 
found that increasing the water to cement ratio by 24 % (from 0.33 to 0.41) increase 
the drying shrinkage at 300 days by 84 % for NWC (Roy et al., 1993) 
Figure 4.31 compares the rates of drying shrinkage of concretes with cement 
content of 350, 450 and 550 kg/m3 at the constant water content 150 kg/m3 for 1, 7 
and 28 days of curing before performing the drying shrinkage test. The figure shows 
that the drying shrinkage rates of these concretes decrease with time. In the first month, 
mix C1-1 (350 kg / 3m cem
 B1-1 (550 kg / 3m cement content) corresponds to a lowest rate. However, with 
time advancing, there is a reverse trend in the drying shrinkage for the concrete with 
different cement content at different ages. At the 6th month of drying, the rate of 
drying shrinkage of mix B1-1 is higher than that of mix A1-1, while mix C1-1 has the 
lowest corresponding rate. 
It is found that the values of drying shrinkage decreases with an increase in 
cement content and curing duration before drying. Increasing the cement content 
(from 350 to 450 kg/m3 with the corresponding water to cement ratio increasing from 
0.43 to 0.28), decreases the drying shrinkage significantly at 168 days by 44 %
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under 28 days of curing. On the other hand, at later ages, the higher the cement 
e above results is 
er the resulting 
hrinkage of the concrete will be (Cembureau, 1974).  This has been mentioned as one 
content is, the higher the rate of drying shrinkage. The trend from th
consistent with the findings by Neville (1995) in that the final drying shrinkage is 
unaffected by the cement content under a constant water content and after a long 
period, for e.g. 6 months, the water content in the matrix has become  constant.  
 
(b) Effect of pumice aggregate content on the drying shrinkage  
Figures 4.32 (a) to (c) present the drying shrinkage over age (test duration or drying 
period) for concrete with pumice aggregate content of 0.35, 0.40 and 0.45 m3/m3, 
which have been moist cured for 1, 7, 28 days. It is observed that for concretes for 
different moist curing durations, the drying shrinkage generally increased with pumice 
aggregate content. This can be due to the more free water stored at higher content by 
the pumice aggregates, as well as the possible shrinkage of the pumice aggregate itself 
with a relative lower modulus elasticity (Reichard, 1964). However, the difference of 
drying shrinkage observed between concretes with 0.35 and 0.45 m3/m3 pumice 
aggregate wanes away at later drying days, of which  5 %, 7 %, and 15 % differences 
are achieved at 168 days drying  for concrete with curing duration of 1, 7, 28 days 
respectively. This may suggest that the influence of pumice aggregate content in 
concrete plays an important role in the early age drying shrinkage rate, whereas the 
final drying shrinkage values can be mainly controlled by the properties and content of 
the cement paste in the concrete. According to Richards (1964), shrinkage is inversely 
proportional to the modulus of elasticity of concrete. Due to the porous structure of 
LWA, these aggregates are prone to shrinkage themselves. The stiffer the aggregate, 
the more the contraction of the matrix is restrained and the low
s
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of the reasons why the shrinkage of LWAC is generally higher than that of NWC (Liu 
as also been 
ported by Kruml (1968) in that replacement of the natural sand fraction by LWA 
 aggregate lead to higher shrinkage. This is largely due to the fact that the 
es of 11 %, 12 %, and 20 % in drying shrinkage value at 168 
drying day are found comparing between mix A4-1 and A1-1 for the moist curing 
et al., 1995). Since transport of water is the basis for the occurrence of shrinkage, the 
higher moisture content in LWA has a great influence on drying shrinkage. A higher 
moisture content in LWA will lead to a decrease in drying shrinkage. 
 
(c) Effect of 50 % sand replacement by fine pumice aggregate on the drying 
shrinkage 
In Figure 4.33, the drying shrinkage values of mix A2-1 are significantly higher than 
that of mix A1-1 during the drying period, with 46 %, 53 % and 59 % higher values at 
84 drying day and 20 %, 20 % and 30 % higher at the 168 drying day for the curing 
durations of 1, 7 and 28 day respectively. Within the first 90 days of drying, Mix A2-1 
with half sand replaced by fine pumice aggregate by volume, showed higher drying 
shrinkage rate and magnitude than Mix A1-1. Similar observation h
re
sand increases shrinkage by 14 %. The results suggest that the replacement of sand by 
fine pumice
fine pumice aggregate, having a lower modulus of elasticity, offers less restraint to the 
potential shrinkage of the cement paste and sand replacement by fine pumice 
aggregate also leads to a larger void content in concrete (Neville, 1995). 
 
(d) Effect of different air content of fine pumice aggregate on the drying 
shrinkage 
Figure 4.34 shows the effect of air content increasing from 2 % to 8 % on the drying 
shrinkage is similar to that of the effect of 50 % sand replacement by fine pumice 
aggregate. The differenc
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duration of 1, 7 and 28 days respectively. This result seems to contradict the findings 
large extent. A possible reason can be the weak pumice aggregate and the 
A3-
res, thus increasing capillary pressure and causing a 
larg
by Sutherland (1974) that air entrainment seems not to influence the drying shrinkage 
strains to a 
sand replacement by air bubbles which undermine the restraint of shrinkage of cement 
paste (Shideler, 1957). 
 
(e) Effect of cement replacement by cementitious materials on the drying 
shrinkage 
Figures 4.35 (a) to (c) present the drying shrinkage of concretes containing various 
replacement percentages of GGBS and silica fume after moist curing for 1, 7 and 28 
days. After 168 days drying, the drying shrinkage values for mix A3-1 are 1047, 956 
and 829 microstrains for 1, 7 and 28 days of moist curing respectively. 
Correspondingly, for mix A3-2, the strains are 827, 560, 298 microstrains and for mix  
3, the strains are 527, 419 and 286 microstrains for 1, 7 and 28 days of moist 
curing respectively. A general trend of decreasing drying shrinkage with increase 
duration of moist curing is observed for all the mixes. The concrete with 65 % GGBS 
by weight (mix A3-2) showed decreases in drying shrinkage by the largest extent, 25 
% and 43 %,  when the curing days are prolonged from 1 to 7 and 28 days respectively.  
The drying shrinkage of silica fume concrete mix A3-1 at 168 drying days is 
similar to that of the control mix A1-1 for 1, 7 and 28 days of moist curing. This is in 
good agreement with the result from Carette and Malhotra (1983a). Silica fume 
reduces the permeability and the pore size in the concrete, thus reducing the rate of 
drying shrinkage. On the other hand, it densifies the microstructure of the concrete and 
reduces the size of capillary po
er amount and rate of drying shrinkage (Sugair, 1995). Sugair (1995) pointed out 
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that both mechanisms are possible in describing the effect of silica fume on drying 
shrinkage. From his explanation, the higher content of water reserved in the pumice 
aggregate can balance the two contradictory effects of the silica fume in the drying 
shrinkage of pumice concrete.  
The 168-day drying shrinkages of mix A3-2 with 65 % GGBS by weight are 21 %, 




possible reason is that moisture movement from the 
aste to the environment is at first partly compensated for by the water stored in the 
porous aggregates. This causes a time lag in the shrinkage of LWAC as compared to 
ng respectively. According to Neville (1995), the shrinkage of concrete containing 
GGBS is initially increased but, in general, shrinkage is not adversely affected by the 
use of GGBS. However, Penttala and Rautanen (1990) reported that the drying 
shrinkage of high strength GGBS concrete using slag cement which started drying at 7 
days and measured after 1 years is only half that of NWC. 
The replacement of cement with 55 % GGBS and 10% silica fume (m
er reduced the drying shrinkage in the study. Manmohan et al (1981) found that 
an increase in the replacement percentage of GGBS increases the volume of fine pores 
in concrete and therefore reduces the evaporation rate of moisture from concrete. 
Further-more, the pozzolanic reactions of silica fume and GGBS lead to much more 
pore refinement, making mix A3-3 the one with the lowest drying shrinkage. 
Figure 4.36 shows that the drying shrinkage rates decrease significantly during the 
first three months, but in the later three months, the rate does not show an obvious 
drop. On the other hand, pumice concrete having a higher value of drying shrinkage at 
an early age presents a lower value of drying shrinkage at a later age. The results 
indicate that a longer time is required for the drying shrinkage of pumice concrete to 
develop compared to NWC. A 
p
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NWC (Cembureau, 1974; Theissing et al. 1971). This has the benefit of counteracting 
4.2.6 Creep 
The compressive strengths of the specimens are determined immediately before 
loading the creep specimens in accordance with ASTM C39 (1992). Stress applied on 
the specimen is 40 % of its compressive strength at 28 days. The results are given in 
specimens in compression are larger than the calculated ones ( ). However, the 
calculated instantaneous strain constitutes a major part of the m d values. This 
s strain upon unloading ( ) is less than that upon loading ( ). The 
proportion of  ranges from 0.61 to 0.94 in this study. This observation is 
at the age.  
flow (Neville, 1995). Delayed elastic deformation is a result of the potential energy 
early-age shrinkage effects with a lower shrinkage during the period when the tensile 
strength of concrete is still low. 
 
Table 4.8. Figure 4.37 shows the creep curve in concrete subjected to a sustained load. 
 
(a) Instantaneous strain and creep recovery 
Table 4.8 shows that the measured values of instantaneous strain ( mε  ) for creep 
c
can be explained by taking into account the fact that creep would have occurred during 









consistent with the description by Neville (1995) that the decrease in strain upon 
unloading corresponds to the improved modulus of elasticity and the removal of stress 
Total creep consists of delayed elastic deformation (creep recovery) and viscous 
stored in the aggregate particles. Therefore, it depends on the elastic properties of the 
ε / mciε
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aggregate. Delayed elastic deformation of NWC is about 0.4 times the time-dependent 
deformation. In LWAC with medium to very strong aggregates, a ratio of 0.2 to 0.3 
has been found (Cembureau, 1974). Hofmann et al. (1983) found values of creep 
recovery of LWAC to be between 0.3 and 0.4. For NWC creep recovery values of 
 of 0.31, for a concrete with 0.24 would hold for a concrete with a water-cement ratio
water - cement ratio of 0.53 the creep recovery value is 0.41. The DIN 4226 (1983) 
gives a value of 0.4. In this study, values of creep recovery between 0.13 and 0.22 are 
found, which can be due to the high porosity of the pumice aggregates in the concrete. 
 
(b) Effect of cement content on the compressive creep 
Figure 4.38 shows the compressive creep of concretes with a constant water content of 
150 kg/m3 and cement content of 350, 450, and 550 kg/m3 respectively. It is noted that 
the compressive creep increases with a decrease in cement content. It should be noted 
that it is the hydrated cement paste which undergoes creep. The role of aggregates in 
the concrete is primarily that of restraint. Creep is a function of the volumetric content 
of cement paste in concrete, but the relation is not linear (Neville, 1964). For the same 
applied stress to strength ratio, creep is independent of the water/cement ratio (Neville, 
1995). The creep of NWC would increase with an increase in cement content for 
concretes with the same water content and the same applied stress to strength ratio in 
test. This is because a higher strength with more cement content will reduce the 
applied stress to strength ratio. However, the test results on pumice concrete seem to 
be contradictory with the above statement. The observation in this study might be 
explained in the way that for pumice concretes with water to cement ratio of 0.43, 0.33 
and 0.27. The strength difference of the cement paste in the concretes can be 
obviously larger than that of the concretes which is limited by the maximum strength 
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of pumice aggregate. As a result, the cement paste of mix C1-1 is subjected to higher 
pplied stress to strength ratio than that of mix B1-1. The reason is that due to its 
stress, the ratio of 
 creep of 22 % at 
56 d
a
lower cement content, its strength is lower and at constant applied 
applied stress to strength ratio is higher. It is the applied stress to strain ratio of the 
cement paste, which has a direct proportionality with the creep (Neville, 1960), that 
plays a principle role in the creep of the pumice concrete.  
 
(c) Effect of pumice aggregate content on the compressive creep 
From Figure 4.39 it is observed that in the concretes with various pumice aggregate 
content, mix A1-2 with 0.45 m3/m3 pumice aggregate content present the highest 
compressive creep and mix A1-3 with 0.35 m3/m3 pumice aggregate content showed 
the lowest creep. This indicates that the pumice aggregate content may have the 
apparent influence on compressive creep, where by the differences in
ays and of 10 % at 168 days are found between mix A1-2 and A1-3. Although 
cement paste is the main location where creep takes place, the restrain effect of the 
aggregates due to its different modulus of elasticity also plays an important role too in 
creep development (Counto, 1964). It followed that the rate and magnitude of creep 
must be higher, the lower the modulus of elasticity of the aggregate. 
Experimental data has revealed a significant effect of the modulus of elasticity of 
the aggregate on creep development in LWAC. First of all, unlike normal density 
aggregate (NDA), some LWA itself exhibit some creep (Kordina, 1960). This will 
affect the creep potential of the concrete made with these aggregates. The theory on 
the effect of the elastic modulus of the aggregate on creep deformations has been 
significantly contributed by Neville et al. (1982). Neville referred to the work of 
several authors, e.g. Counto (1964), who represented concrete as a two-phase system. 
88  
Chapter Four-Mechanical properties of pumice lightweight aggregate concrete 
On the basis of such a two-phase model, the transfer of stresses from the matrix phase 
to the aggregates, and the effect of this transfer on creep can be easily explained. The 
enhanced transition zone between the matrix and pumice aggregate may also 
cont
a low modulus of elasticity, 
hence a higher creep. Besides this, the transfer of the moisture in the pumice 
 with and without 50 % 
and replacement by fine pumice aggregate.  The significant increase of 64 % at 28 
 and A1-1 is 
obse
ribute to the lower creep of the pumice concrete by prohibiting moisture in the 
pumice aggregate from transferring to the cement paste. In the CEB/FIP (1987) 
manual on LWAC, the specific creep of LWAC is stated to exceed that of NWC of 
similar mix composition by about 10 to 30 %. Richard (1964) concluded that after 1 
year the creep of LWAC is generally 20 % higher than that of NWC. 
The high porosity of pumice aggregates leads to 
aggregates within the concrete may be associated with creep as it produces conditions 
conductive to the development of drying creep (Neville, 1995). The possible creep of 
the pumice aggregates themself can affect the creep potential of the pumice concretes 
with various pumice aggregate content (Kordina, 1960). 
 
(d) Effect of sand replacement by fine pumice aggregate on the compressive creep 
Figure 4.40 shows the compressive creep of pumice concrete
s
days to 65 % at 168 days in creep when comparing between mix A2-1
rved. This is because mix A2-1 has more fine pumice aggregates which lead to a 
low modulus of elasticity, higher transfer of moisture in the aggregate and higher 
creep potential of LWA. All these contribute to higher creep. 
 
(e) Effect of air content on the compressive creep of pumice concrete 
The increase of entrained air content from 2 % to 8 % is found to increase the 
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creep to some extent in Figure 4.41, with 17 % difference at 28 days and 29 % 
difference at 168 days. Neville (1970) concluded that air entrainment seems not to 
ed concrete, but the reasons are confused with changes in mix design brought 
and 4 % reduces at 168 days. Mix A3-2 with 65 % OPC 
repl
k (1996). As the adsorption of water 
from
influence the creep to a large extent. Some studies have shown larger creep with air-
entrain
by air entrainment (Ramachandra, 1995). In this study, part of sand is replaced by 
entrained air, resulting in a possible weaker restraint on the creep of the cement paste. 
 
(f) Effect of cement replacement by cementitious materials on the compressive 
creep 
Figure 4.42 presents the compressive creep of the pumice concrete with and without 
cement replacement by cementitious materials. mix A3-1 with 10 % OPC replaced by 
silica fume shows a slightly lower compressive creep compared to mix A1-1, with 14 
% decrease at 28 days 
aced by GGBS by weight further reduces the compressive creep, with a decease of 
14 % at 28 days and of 13 % at 168 days. Similar to drying shrinkage, mix A3-3 with 
65 % OPC replaced by 55 % GGBS and 10 % SF deceased the compressive creep 
most significantly, with a decrease of 62 % at 28 days and 46 % at 168 days when 
compared to mix A1-1. 
The result of creep decrease in pumice concrete with silica fume is consistent with 
findings by Tomaszewicz (1985) and Wiegrin
 voids in the matrix gel is one of the mechanisms that causes creep, the finer the 
voids, the more difficult it is for the water to be removed, thus the less the creep per 
unit applied stress. Neville (1995) explained that the reduced creep in SF pumice 
concrete can be explained in the way that hydration reaction of SF reduces the amount 
of water available for movement out of the gel. 
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65 % cement replacement by GGBS results in a decreased creep in mix A3-2. 
Klie
the gel particles, reducing the amount of water 
available for movement out of the gel. 
 and 55 % GGBS replacement of OPC, the total 
rger range of specific creep, 45 to 143 microstrain/ MPa, is 
und using pumice concrete in this study. It is worth mentioning that among the 
air content as well as higher water to 
cement ratio can significantly increase specific compressive creep by almost two times 
ger and Isberner (1967) reported that for NWC, few differences were observed 
when GGBS is partly used as compared with OPC.  Fulton (1974) also observed 
generally greater creep where various blends of GGBS are used. Similar to SF, GGBS 
can also refine the microstructure of 
In mix A3-3, there is 10 % SF
amount of replacement being the same as mix A3-1. However, the fineness of the 
GGBS and SF is higher than that of OPC; thus the hydration product would be 
expected to be denser for mix A3-3.  
 
(g) Specific creep in compression 
Specific creep is the value of creep per unit applied stress (microstrain/MPa). As 
compared to creep at the same stress/strength level which describes the effect of 
material properties other than strength, specific creep reflects a greater influence of 
strength on the creep of material. Fig 4.42 presents the trend of specific creep of 
various mixes, which is similar to that of compressive creep. A range of typical values 
for one year specific creep of 65-90 microstrain/MPa is reported by CEB/FIP (1977) 
for LWAC. However, a la
fo
factors investigated affecting creep and specific creep, the sand replacement by fine 
pumice aggregate, the increased entrained-
after 168 days of loading. 
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4.3 Conclusions On The Mechanical Properties Study Of 
Based on the limited investigation, the following conclusions are drawn as following: 
        Structural pumice concrete with compressive strength of 18.6 MPa to 27.8 MPa 
and oven-dry density of 1366 kg/m  to 1710 kg/m  can be achieved. The compressive 
strength increases with a decrease in the pumice content, however, the trend becomes 
of 50 % sand by fine pumice aggregate can decrease the density by 160 kg/m3 together 
with a d rease of 28.3 % in compressive strength. Cementitious materials, especially 
lica fume is not effective in enhancing the compressive strength. An average 4 % 
0.0020 with significant sca
Pumice Concrete 
3 3
less obvious when the pumice content reductions are less than 0.4m3/m3. Replacement 
ec
si
compressive strength loss with an increase of 1 % air content is found when the air 
content is increased from 2 % to 8 %. A lower strain at the peak stress of 0.0016 to 









cε is the compressive strain of concrete under peak load; is the compressive stress 
        The flexural tensile strength and splitting tensile strength both increase with an 
increase in cement content and a reduction in pumice aggregate content and decreases 
with an increase in air content and the replacement of sand by fine pumice aggregate. 
 s  p
c
of concrete under peak load in MPa) is proposed for the pumice concrete. The method 
proposed by Chandra and Berntsson (2001) can be used for mix proportioning of 
structural pumice concrete.  
Silica fume did not seem to have beneficial effect on the flexural tensile strength and 
f
splitting tensile strength. The flexural tensile trength of umice concrete seems to be 
two times higher than that of NWC at the same compressive strength. The 
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relationships rf  =0.55
75.0
cuf  and 
73.025.0 cusp ff =  (where rf  is the flexural tensile 
strength in MPa; is the cube compressive strength of concrete in MPa;  is the cuf spf
flexural tensile strength in MPa) are proposed for pumice concrete.                                                        
      The Norwegian code NS 3473 (1998), fE =  (where is 5.13.0 )2400/(9500 ρcckc c
modulus of elasticity of concrete in MPa, cckf  is the cylinder compressive strength of 
concrete and 
E
ρ  is the air-dry density of concrete in kg/ 3m ) give good prediction of 
the static modulus of elasticity of the pumice concrete in this study. The Poisson’s 
ratio of pumice concrete shows a larger scatter ranging from 0.16 to 0.27; a value of 
0.21 may be suggested as the Poisson’s ratio of pumice concrete. 
         A drying shrinkage of 500 to 1047 microstrains after 90 days drying is found for 
pumice concrete with cement content ranging from 350 to 450 kg/ m3. The pumice 
ainly found 
to he 
pon unloading to instantaneous strain 
upon unloading vary between 0.61 and 0. Th e ng ue reep 
recovery vary between 0.13 and 0.22. The in e i rai ir nt  2 % 
to 8 % 50 nd ce by  pu  ag te ific  in e the 
compr  c y  an % ct at ay oa
aggregate content in concrete is found to influence the drying shrinkage to a limited 
extent. After the 168 drying days for a curing duration of 28 days, the 50 % sand 
replacement by fine pumice aggregates and an increase in air content from 2 % to 8 % 
lead to the increase of drying shrinkage by 30 % and 20 % respectively. The pumice 
concrete with 10 % silica fume, 55 % GGBS and 35 % OPC shows the lowest drying 
shrinkage, 66 % lower than that without cement replacement. 
        The values of specific creep in compression of pumice concrete are m
vary between 45 and 110 microstrain/MPa at 168 days of loading and t
corresponding ratio of instantaneous strain u
94. e corr spondi  val s of c
creas n ent ned a conte from
 and % sa  repla ment  fine mice grega  sign antly creas
essive reep b 29 % d 65  respe ively 168 d s of l ding. 
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Table 4.1 Comparison of compressive st th re  si f p e 
m
           (a) 3 days comp ve gth (MPa) 
3 10 0  c
reng  of th e size zes o umic
speci ens 
ressi  stren
 days 100× 0×10 ubes 100×200 ylinmm c ders ×300 ylinmm c ders 150







A1-1 0.93 2.77 16.818.9  0.98 2.10 1.03 3.43 16.2 
A1-2 17.4 0. 8 5.54 8 16.1 0.78 5.55 15.4 0.87 4.44 
A1-3 19.0 1.23 2.76 17.4 0.96 3.31 17.0 1.21 5.53 
A2-1 15.2 0.55 1.97 14.2 1.21 2.12 14.2 0.54 6.01 
A3-1 20.4 0.88 4.55 18.0 0.45 6.65 17.8 0.65 2.33 
A3-2 17.7 0.89 4.32 16.5 0.76 2.89 0.61 3.87 16.4 
A3-3 18.0 0.92 3.78 17.3 0.32 4.30 15.4 1.11 2.88 
A4-1 0.76 4.02 11.7 1.43 5.40 11.3 0.87 4.01 12.0 
B1-1 23.0 0.94 4.32 21.5 0.79 4.56 21.1 0.32 3.52 
C1-1 16.6 0.77 3.47 16.0 1.12 3.09 15.3 0.99 5.01 
          
  da pr str P    (b) 7 ys com essive ength (M a) 
7 days 100×10 0 c0 ×10 ubes 100×200 ylinmm c 150×300 ylinmm c ders ders 
Mix M C.O.V M S.D C.O.V
(%) 
M C.O.V
(%) No (%) 
ean S.D ean ean S.D 
A1-1 25.7 1.54 5.87 21.0 2.04 6.78 19.9 0.53 4.58 
A1-2 21.4 0. 9 4.07  9 20.0 1.12 5.45 19.6 0.65 2.33  
A1-3 28.4 0.56 1.76 22.8 1.01 3.33 22.5 1.43 5.32 
A2-1 17.4 0.43 3.65 17.2 0.89 4.39 16.6 1.38 3.87 
A3-1 22.8 1.78 9.78 21.8 0.77 3.38 20.2 0.78 5.21 
A3-2 21.1 1.13 6.33 20.3 1.34 6.54 19.8 0.93 3.56 
A3-3 1.45 4.23 21.7 0.45 2.98 0.63 22.9 21.3 4.11 
A4-1 15.1 0.54 3.89 14.0 0.98 4.49 14.0 1.74 8.33 
B1-1 24.8 0.74 3.44 24.0 0.76 5.55 22.9 0.34 3.22 
C1-1 17.3 1.11 4.09 17.2 0.82 3.89 17.3 0.98 5.22 
          
 8 day p e s  (M    (c ) 2 s com ressiv trength Pa) 









A1-1 26.2 0.65 3.32 25.8 1.02 4.55 23.9 0.87 4.67 
A1-2 23.3 152 5.53 21.2 0.32 3.78 21.2 0.98 5.66 
A1-3 0.76 4.31 78 5.32 26 1.65 3.30.1 27.4 0. .7 83 
A2-1 19.4 0.64  .5 0.56 69 18. 0. 53.76 18  4. 3 56 .93 
A  2 .6 0.82 69 25 0. 43-1 27.0 0.93 5.3 26  3. .2 87 .83 
A  4 .4 0.47 64 24 0. 43-2 26.7 1.11 4.4 25  5. .3 77 .84 
A  1 .3 0.58 64 26 0. 33-3 29.5 0.87 4.2 26  4. .1 39 .76 
A  5 .6 0.46 68 18 0. 54-1 19.4 0.65 5.6 18  3. .2 79 .83 
B 3 .8 .04 77 26 1. 21-1 28.2 133 5.4 27 1  5. .4 23 .74 
C  7 .2 0.83 42 19 0. 51-1 19.6 0.78 2.1 19  6. .2 56 .33 
          
 
N .D n ev C  is coeffici f v ionotes: S  is sta dard d iation; .O.V enct o ariat . 
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Tabl C e  st th  re  w 00e 4.2 ompr ssive reng  test sults ith 1 ×200m yl s (MPa) 
91d 
m c inder
3-day 7-day 28d Mix 








A1-1 16.8 1.03 3.43 21.0 2.04 6.78 25.8 1.02 4.55 25.6 1.23 3.45
A1-2 3.7616.1 0.78 5.55 20.0 1.12 5.45 21.2 0.32 3.78 21.9 0.88
A1-3 27.8 1.6517.4 0.96 3.31 22.8 1.01 3.33 27.4 0.78 5.32 0.56
A2  1.21 2. 0.56 3.41-1 14.2 12 17.2 0.89 4.39 18.5 4.69 18.6 0.79
A3-1 18.0 0.45 6.65 21.8 0.77 3.38 26.6 0.82 3.69 0.64 4.2127.4 
A3-2 .5 0.76 2. 20.3 1.34 6.5 .4 0.47 5.64 0.87 0.42 16 89 4 25 26.2 
A3-3 .3 0.32 4. 21.7 0.45 2.9 .3 0.58 4.64 0.54 1.45 17 30 8 26 27.3 
A4-1 .7 1.43 5. 14.0 0.98 4.4 .6 0.46 3.68 1.16 5.43 11 40 9 18 20.7 
B1-1 .5 0.79 4. 24.0 0.76 5.5 .8 1.04 5.77 1.07 3.87 21 56 5 27 27.3 
C1-1 .0 1.12 3. 17.2 0.82 3.8 .2 0.83 6.42 0.95 4.21 16 09 9 19 19.7 
Not is the standard n; V.O.V is the co nt of variation. 
 
ss
 (MPa) Strain at the peak stress 
e: S.D deviatio efficie
Table 4.3 Strains at the peak stress and proportional limit in uniaxial 
compre ion (at 90days) 
Mix No. 
cf cp ff /
A1-1 25.78 68% 0.00168 
A1-2 21.21 76% 0.00197 
A1-3 27.38 62% 0.00168 
A2-1 18.51 0.00195 52% 
A3-1 26.60 00187 75% 0.
A3-2 25.41 70%  0.00160
A3-3  62 26.28 86% 0.001
A4-1  65 18.55 76% 0.001
B1-1  00 27.81 71% 0.002
C1-1  63 19.21 51% 0.001
Note: s c er comp e stren p  is the stress at pro al lim concret s 
 curve. 
Table 4.4 Flexural / spl  tensil ength mice c ete 
 days gth 
7  day 




itting e str of pu oncr
(a) 7 stren




MPa Mean S.D COV% Mean S.D COV% 
cf  
A1-1 21.0 2.42 0.57 4..83 4.70 0.68 10.2 
A 17.3 1-2 2.33 0.46 4.10 0.54 9.65 3.98 
A 22.8 2.69 0.58 52 0.57 8.64 1-3 5.22 5.
A 17.2 1.96 2.17 4.17 0 6.66 2-1 0.23 .47 
A3-1 21.8 2.58 0.61 10.8 5.45 0.33 5.32 
A3-2 20.3 2.02 0.53 7.10 4.74 0.37 5.32 
A3-3 21.3 2.45 0.46 6.34 5.30 0.10 4.34 
A4-1 14.1 1.87 0.42 5.51 4.75 0.32 3.78 
B1-1 24.0 2.91 0.48 6.22 5.58 0.61 7.64 
C1-1 17.2 2.20 0.64 8.52 4.52 0.34 4.43 
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(b) 28 days strength 
28  day 
spf ,  MPa ,    MPa rf
Mix 
ID 




A1-1 25.8 2.71 0.81 6.32 6.12 1.12 11.5 
A1-2 21.2 2.35 0.15 3.86 5.11 0.84 12.4 
A1-3 27.4 2.90 0.78 7.88 6.64 0.62 8.56 
A2-1 18.5 2.14 0.97 8.73 4.92 0.32 4.58 
A3-1 26.6 2.81 0.71 7.95 6.67 0.46 5.76 
A3-2 25.4 2.66 0.43 6.78 5.89 0.22 4.42 
A3-3 26.3 2.74 0.98 8.36 6.33 0.67 6.67 
A4-1 18.6 2.09 0.44 5.43 5.06 0.81 7.83 
B1-1 27.8 2.91 0.22 4.37 6.80 0.58 6.43 
C1-1 19.2 2.30 0.40 6.13 5.01 0.79 6.11 
 
 
(c) 56 days streng











A1-1 25 68 0 6.78 .7 2. .38 
A1-2 21.8 2.30 0.43 7.87 
A1-3 27.4 2.93 0.12 2.63 
A2-1 18.4 2.10 0.42 6.55 
A3-1 27.5 2.75 0.33 5.67 
A3-2 26.0 2.71 0.42 6.01 
A3-3 27.2 2.71 0.47 8.92 
A4-1 20.1 2.10 0.14 3.10 
B1-1 27.4 2.88 0.37 6.14 
C1-1 19.6 2.33 0.71 5.51 
 
 
(d) 91 days strength 







No. Mean S.D COV (%) 
A1-1 25.6 2.72 0.21 1.79 
A1-2 21.9 2.36 0.36 5.70 
A1-3 27.8 2.85 0.67 8.54 
A2-1 18.6 2.09 0.54 9.17 
A3-1 27.4 2.79 4.0.22 21 
A3-2 64 0.35 26.2 2. 5.36 
A3-3 2.78 0.5627.3  6.01 
A4-1 20.7 2.13 0.12 1.98 
B1-1 27.3 2.85 0.50 8.91 
C1-1 19.7 2.28 0.61 8.74 
cfNote: is t lin mpressive str M  plitti il gth , 
flexu sil th i . 
he cy der co ength in Pa, spf is the s ng tens e stren in MPa
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Tab Sta od ty ois a
ic lus of ity oisso o 
le 4.5 tic m ulus of elastici  and P son’s r tio 
Stat  modu  elastic  and P n’s rati 
 
Mix 
3-day 7-day 28-day  56-day 91-day 
No. 
(GPa) (GPa) (GPa) (GPa) (GPa)cE cv  cE cv  cE cv  cE  cv  cE cv  
A1-1 1 .0 5 17.50 0.2243 0 0 17.18 0.213 20.254 13.66 0.223 17.20 0.
A1-2 1 0.236 15 0.224 15.57 0.23212.44 0.261 13.1 234 15.20 0. .78 
A1-3 4 .219 20.2 0.228 20.52 0.22015.0 0.239 17. 060 7 0.224 20.88 
A2-1 7.97 .225 13.5 0.218 14.37 0.2140.242 10.19 0 0 0.220 13.94 
A3-1 15.53  .234 18.0 214 0.205 18.76 0.2140.252 17 0.76 9 0. 18.67 
A3-2 0.165 17.22 5 0. .89 0.16413.00 0.203 13.81 0.17 17.69 171 17
A3-3 1 0.183 .26 9  0. 19.84 0.17513.91 0.227 5.35 18 0.17 19.61 184 
A4-1 1 0.204 .33 0  0. 12.60 0.2138.43 0.243 1.83 12 0.19 12.51 203 
B1-1 1 0.252 .33 2  0. 21.40 0.22515.96 0.252 7.04 20 0.24 20.83 235 
C1-1 1 0.242 .39 8  0. 16.77 0.21211.78 0.266 3.00 16 0.23 16.60 203 
Note: od elast is son’
 the sult  day
   odu lastic      
) 
Pois tio 
cv  cE  is the m ulus of icity,  the Pois s ratio .
Table 4.6 Statistical analysis of  test re s at 28 s 



























A1-1. 17.184 0.838 0.964 0.213 0.014 0.016 
A1-2. 15.209 0.743 0.854 0.236 0.012 0.013 
A1-3. 20.267 1 0.016 0.018 .103 1.268 0.224 
A2-1. 13.504  0.960 1.104 0.220 0.011 0.012 
A3-1. 18.088 0.676 0.777 0.214 0.014 0.016 
A3-2. 17 8 1 0. 01 7 .21 0.66 760 0.175 0. 5 0.01
A3-3. 2 86 1.4 9 0. 24 18.26 1.2 79 0.17 022 0.0
A4-1. 4 63 0.6 0 0. 15 12.33 0.5 47 0.19 014 0.0
B1-1. 6 48 1.0 2 0. 09 20.32 0.9 90 0.24 008 0.0
C1-1. 7 02 0.8 8 0. 12 16.38 0.7 07 0.23 010 0.0
 
Table omp n o rim l a ca te d f ti t 2
ys um  co te
lat od f el ity  c on   
rat  ca ed/ rv u  el ty 
4.7 C ariso f expe enta nd lcula d mo ulus o  elas city a 8 
da for p ice ncre  
Calcu ed m ulus o astic   (GPa) and the orresp ding







D  Observed 
modulus of 
 (1986) Zhang (1991)








(GPa) NS3473 ACI318-87 Slate
1. 25.7 180 17.18 8.24 .06 1 43 0.96 21  1.24 10.86 0.59
A1-2. 1 1 1 1. 3.9 .46 8  21.2 172 15.21 5.97 05 1 3 0.92 19  1.2 9.54 0.63
A1 20.27 1 0. 7.4 .96 8 -3. 27.38 1836 9.16 94 1 3 0.86 21  1.0 11.31 0.56
A2- .51 79 13.50 13 0.9 11.4 .94 3 1. 18 15 .41 9 3 0.85 17 1.3 8.71 0.65
A3-1. 6.60 08 18.09 18 1.0 16.7 .61 9 92 18 .54 2 9 0.93 21 1.1 11.0 0.61
A  1792 17.22 18.08 1.05 16.19 0.94 21.16 1.23 10.76 0.623-2. 25.41
A3-3.  50 18.26 17.59 0.96 15.89 0.87 21.28 1.17 11.00 0.6026.28 17
A 12.33 12 1.0 11.0 .82 4 4-1. 18.55 1542 .95 5 4 0.90 17 1.4 8.72 0.71
B1-1  15 20.33 18 0.9 17.2 .01 8 327.81 18 .93 3 7 0.85 22 1.0 11.4 0.56
C1-1 19.21 1751 16.39 15.86 0.97 13.60 0.83 18.85 1.15 8.93 0.54
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Table 4.8 Creep results of pumice concrete 
Mix No. BA1.-1 A1.-2 A1.-3 A2.-1 A3.-1 A3.-2 A3.-3 A4.-1 1.-1 C1.-1
150cyσ , (M ) Pa 24  .3 20 5 . 26.4 18.1 25.6 24.4 25.3 17 8 . 26.8 18  .1
E ) 17.2 16.2 20.3 13.5 18 17.2 18.3 12 16.4 C, (GPa .1 .3 20.3 



















































ciε / cciε  1.20 1.38 1.28 1.24 1.29 1.22 1 1.25 1.22 1.23 .18 


























rε / c  ciε 0.17 0.22 0.12 0.14 0.13 0.13 0.14 0.14 0.17 0.19 
1 57 59 55 93 42 48 26 34 32 92 
2 83 87 75 125 66 71 32 72 60 128 
3 108 114 89 185 86 95 40 116 108 157 
4 123 130 103 193 104 114 52 149 148 201 
5 140 161 115 199 116 131 60 17  158 241 2
6 155 167 133 223 134 147 68 191 172 253  
7 186 197 152 249 150 161 74 207 184 265 
14 255 272 225 391 212 232 108 331 233 370 
21 329 350 300 538 276 282 129 399 277 450 
28 393 417 348 645 333 326 149 459 305 522 
56 537 590 460 848 471 439 219 632 421 767 
84 615 668 546 978 556 500 273 769 485 913 
112 675 717 600 1083 620 556 317 859 534 1040












168 740 768 698 1225 709 643 399 958 606 1200
×Note: 150cyσ  is compressive strength of concrete in 150 300 mm cylinder in MPa; cE is the 
tatic modulus of elasticity of concrete in MPa; is the applied load in ;  is the 
measured values of instantaneous strain;  is the calculated values of instantaneous strain; 







ceε rε ; ccε (t) is the 
















Figure 4.1. Compression test setup 
 
 
(a) Over view of compression test machine        (b) Close-up view of the cylinder during test 
Figu ain 
testing 




(a) Splitting cylinder test setup   (b) Failure in cylinder after test  (c) Failure plane of cross section 
                                                                                                                       
Figure 4.3 Pumice specimen undergoing splitting tensile strength 
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×100×Figure 4.4. Pumice prism  100  400 mm under flexure tensile strength 
 
 
Figure 4.5 Specimen undergoing modulus of elasticity test 
 
 
Figure 4.6. Demec gage and specimen of drying shrinkage 
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Mix A1-1 Mix A1-2
Mix A1-3 Mix A2-1
Mix A3-1 MixA3-2
Mix A3-3 Mix A4-1
Mix B1-1 Mix C1-1
 


























Figure 4.9. Effect of different cement content on the stress-strain curves of 
pumice concrete 
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Figure 4.10. Effect of different pumice aggregate content on the stress-strain 


























Figure 4.11. Effect of 50 % sand replacement by fine pumice aggregates on the 


























Figure 4.12. Effect of cement replacement by cementitious materials on the 
stress-strain curves of pumice concrete 
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cε =-(0.398 cf +18.147) 410 −×    Faust (2000)                   
 
62 10)109.29067.0( −×++−−= ccc ffε   Almusallam (1995)    53
/2200)0.6.w40.0035.(0.ε cc +−=    Tasdemir (1998)              
Pumice concrete 
 
Figure 4.14.  Proposed relations between peak stress and cylinder compressive strength 
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Figure 4.16 Effect of different pumice aggregate content on the flexural tensile strength 
of pumice concrete 
 
Figure 4.17. Effect of cement replacement by cementitious materials on the flexural 
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Figure 4.19. Effect of different pumice aggregate content on the splitting tensile strength 
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Figure 4.20. Effect of 50 % sand replacement by fine pumice aggregate on the splitting 

























7-day splitting tensile strength
28-day splitting tensile strength
56-day splitting tensile strength
91-day splitting tensile strength
        A1-1     A3-1    A3-2    A3-3 
 
Figure 4.21. Effect of cement replacement by cementitious materials on the splitting 
tensile strength of pumice concrete 
 
105 











15 17 19 21 23 25 27 29





























Age at 7 days
Age at 28 days
 
Figure 4.22 Plot of ratio of flexural tensile strength / splitting tensile strength against 
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Figure 4.26. Effect of different pumice aggregate on the modulus of elasticity of pumice 
concrete 
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A1-1, no cement repalcement
A3-1, 10 % silica fume
A3-2, 65 % GGBS
A3-3, 10 % silica fume and 55 % GGBS
Figure 4.28 Comparison of experimental values of relationship of modulus of elasticity 




Figure 4.27 Effect of cement replacement by cementitious materials on the modulus of 
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=cE 5.1)2320/(68953320 cc wf +  (21< cf  < 62 MPa)  Slate (1986)  
3/219.1 ckc fE =  (60< cf <100 MPa)  Zhang (1991)  
ccc fwE 043.0
5.1=  ( <cf  41 MPa)   ACI 318 (1987) 
5.13.0 )2400/(9500 ρcckc fE =  ( cckf  < 85 MPa)  NS3473   
Present study 
28-day compressive strength, cf (MPa)  
Present study 
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Figure 4-29. Poisson’s ratio of pum espect to its compressive strength 
  
 
































































































Figure 4-30 Effect of different cement content on the drying shrinkage of pumice 

























) C1-1, 1 day curing
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Figure 4-31 Comparison of rates of drying shrinkage of 1, 7, 28 days moist cured pumice 
3m  
110 


































0 14 28 42 56 7
200






























































pumice concrete under duration of curing (a) 1-day (b) 7-day (c) 28-day 
 
Figure 4-32 Effect of pumice aggregate content on the drying shrinkage of
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Figure 4-35. Effect of cement replacement by cementitious materials on the 
drying shrinkage of pumice concrete under duration of curing (a) 1-day (b) 7-day  
(c) 28-day  
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rying shrinkage of 1, 7 and 28 days moist 

















































































Figure 4.39. Effect of different pumice aggregate content on the compressive 
 
creep of pumice concrete 
0
200


























Figure 4.40. Effect of 50 % sand replacement by fine pumice aggregate on the 
compressive creep of pumice concrete 
115 































































Figure 4.42. Effect of cement replacement by cementitious materials on the 











































Figure 4.43. Specific creep of pumice concrete 
116 
Chapter Five-Flexural behaviour of reinforced pumice concrete beam 
 
CHAPTER FIVE 
PUMICE CONCRETE BEAM 
P
ters on cracking, stiffness, serviceability, strength and ductility of the 
eam will be presented and discussed. 
onsequences of all possible structural 
actions is a massive task, this study has been narrowed down to the case of reinforced 
FLEXURAL BEHAVIOR OF REINFORCED 
 
5.1  General  
Mechanical properties, shrinkage and creep of lightweight pumice aggregates concrete 
with compressive strengths up to 28 MPa have been investigated in previous chapters, 
proving the viability of its use in structural application. The present experimental 
study aims at investigating the full flexural response of pumice concrete beam with 
compressive strengths ranging from 20 to 25 M a. Parameters considered include the 
amounts of longitudinal tensile and compressive steel reinforcements. The effect of 
these parame
b
Realizing the fact that addressing the c
concrete (RC) members subjected to pure bending involving conventional steel bars. 
High strength pumice concrete under such loadings will be investigated using simply 
supported beams under a four-point loading system with the following objectives: to 
check the adequacy of available equations and procedures for predicting the cracking 
moment, maximum crack-width and deflection at service load, ultimate strength and 
ductility of high strength pumice concrete beams and suggest modifications wherever 
necessary to fulfil safety and serviceability requirements. 
In the experimental investigations, prototype RC pumice beams of rectangular 
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cross-section and subject to four-point loading system will be employed. The major 




pecimens are 180 360 mm 
 cross section and 2700 mm in length. The key parameters considered in the study 
ar
The details of the test program are presented in Table 5.1. All beams are provided 
 n
5.2  Experimental Program 
5.2.1 Test specimens 
experimental program consists of testing 1 doubly reinforced, 3 singly reinforced 
pumice concrete beam and 1 singly reinforced NWC beam simply supported under a 
four-point loading system. The nominal dimensions of all s ×
in
e longitudinal tensile and compressive reinforcement ratios. 
with a tensile rei forcement ratio, ρ  (area of tensile steel reinforcement/concrete 
cr s ect nal area) below the ACI Code 318 (1999) specified maximum value of os  s io
ρ b , where bρ0.5  is the steel reinforcement ratio at a balance failure state. The 
cy ried from 20 to 28 MPa. 
A clear concrete cover of 20 mm is provided on all sides. All longitudinal tensile 
and compression bars are arranged in one layer. The anchorage length is larger than 
 mm. The am
For doubly reinforced beam, the minimum amount of shear links in the pure 
linder compressive strength of concrete, cf is va
40D, where D is the diameter of the steel reinforcement in ount of lateral 
reinforcement can be varied by changing the spacing of full-depth rectangular shear 
links of 10 mm diameter high yield bars (T10). 
Shear links are spaced at 100 mm c/c. Sufficient stirrups are provided outside the 
test zone to ensure a flexural failure mode instead of a shear failure mode.  
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flexural part of the beam is determined in accordance with the maximum spacing of 
lateral ties for flexural members as specified in Section 7.11.1 of ACI 318 (1999).  
 
5.2.2 Materials and preparations of specimens 
The concrete used for the beams has a constant fresh density of 1820 kg/m  and 
compressive strength of 25 MPa. The admixture used is superplasticizer (SP) Acro at a 
dosage of 40 liter/m . The mix design details are presented in Table 5.2.  
      Concrete mixing procedure: The fine and the coarse aggregates are initially mixed 
for 2 minutes with half the total amount of water, cement is then added together with 
the rest of water and mixed for a further 2 minutes. Half of the total amount of SP and 
air entraining agent (AEA) is then added, mixed for 1 min and then the remaining SP 
and AEA are added and mixing is continued for a further 1 minute. A cohesive 






up to 2 %. 
High strength deformed steel bars of three different sizes are used as longitudinal 
reinforcement. The yield strength is presented in the footnote at Table 5.1(a). Figure 
(a) and 5.3 show the schematic diagram and the actual steel reinforcement detail 
used in th  test, respectively. 
The beams are cast in plywood molds using concrete prepared in the laboratory 
(see Fig e 5.3 (b)). Flexible shaft vibrators are to be used to place and compact the 
concrete. Once the placing of the concrete is completed, the exposed surface is 
trowelled smooth. The control cylinder and prisms are cast in steel molds and 
compacted using a table vibrator. The beam and control specimens are demolded the 
following day and moist-cured for 14 days followed by air curing for  another 14 days. 
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For the curing purposes, the beams and the control specimens are wrapped with wet 
hessian and polyethylene sheets to prevent moisture loss. After completion of curing, 
the beam and the associated cylinders and prisms are kept in air-dry conditio  (28 , 
100% RH) in the lab prior to testing.  
n C
o symmetrically placed point loads. The nominal 
 
5.2.3 Testing procedure 
As seen in Figure 5.1 (b) and Figure 5.2, the beams are simply supported over a span 
of 2550 mm and tested under tw
dimensions of the beams are: 180 × 360 × 2
m
ons were also measured. The type of electrical resistance strain 
Toky
t rate of 0.15 mm/min up to the ultimate load 
 after that the rate of loading is increased to 0.30 mm/min. All deformation and 
t preset load intervals until final failure. 
70 mm. The distance between the two 
loading points is maintained at 800 m . The beams are suitably instrumented for 
measuring deflections at several locations including the mid-span. Curvature of the 
beam over a central gauge length of 450 mm, and concrete and steel reinforcement 
strain at critical locati
gauge to measure the strains in steel reinforcement is FLA-10-11 and to measure the 
strains at the concrete surface, strain gauge type PL-60-11 is used, both from o 
Sokki Kenkyujo Co Ltd.  Surface crack-widths at the centre-line of the bottommost 
layer of longitudinal tensile steel are measured over a distance of 480 mm length from 
the centre-line of the beam using a hand-held microscope with resolution of 0.02 mm. 
The load is applied by a 200 kN servo-controlled hydraulic actuator. The beam is 
monotonically loaded at a displacemen
and
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5.3  Results And Discussions 
The experimental results are summarized in Table 5.3. The curves showing 
experim
5.3.1 General behaviour of beam under flexural loading 
ypical load 
defle
labelled as A, B, C and D in Figure 5.7are identified as first cracking of concrete (A), 
first yielding of tensile reinforcement (B), first crushing with associated spalling of 
concrete cover in the compression zone (C) and failure of compression zone due to 
complete crushing of concrete resulting in disintegration of concrete at this zone (D). 
T  eve  the  
rema eduction  in  the  applied load. In between events, 
a straight line m
As seen from Figure 5.6, all beams behaved in a manner similar to the above 
described with the exception of the beam A3 with less ductility. It can be clearly seen 
that, for reinforced pumice concrete beams, the third and fourth event, C and D take 
place very close to each other. The first yield of bottom steel reinforcement is 
determined to be 0.0023 (i.e.  , where 
ental load vs. bottom tensile reinforcement strain and topmost layer of 
concrete under compression are presented in Figure 5.4 and 5.5, respectively.  The 
experimental midspan load-deflection curves of all the beams are presented in Figure 
5.6. The performance of these test beams has been compared with the ACI 318 (1999) 
code. 
 
Four distinctly different segments, as shown in Figure 5.7 can idealize a t
ction curve. These segments are clearly separated by four significant evens that 
took place during the process of flexural loading until beam failure. These events, 
he first two nts are associated with a reduction in the beam stiffness, while
ining  two  events  lead  to  a  r
ay approximate the curve. 
yfE / E =200 GPa and =460 MPa). Ultimate yf
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load carrying capacity of the beam is also checked by the measured compressive strain 
in the extreme compression fiber of the concrete. As shown in Table 5.3, the values of 
concrete ultimate compressive strain, cuε  
p
for pumice concrete recorded in these beams 
ranged from 0.0018 to 0.0030 as com ared to 0.0030 for that of reinforced NWC 
beam. 
As all test beams are under-reinforced, yielding of main tensile reinforcement 
occurred before initiation of the crushing 
5.3.2 Cracking moment 
, 
, which includes the effect of self-weight  in addition to that of 
applied super-imposed load, is presented in Table 5.4 
Analysis is made to estimate the cracking moments for the beams tested in this 
nalytical evaluation of service load 
defl
of the cover concrete. However, the final 
failure occurred due to complete crushing of concrete in compression zone resulting in 
disintegration of concrete at this portion. Figure 5.8 presents photographs of the test 
beams at failure. 
 
The load at which first crack occurred in a beam, crp  is determined by visual 
inspection using a magnifying glass, counterchecked by noting any change in gradient 
of the corresponding load-deflection curves. The experimental cracking moment
exp,cr  of the beamM
program. An accurate assessment of cracking moment is necessary mainly for two 
reasons. Firstly, cracking moments provide the basis for setting a minimum limit to 
longitudinal tensile reinforcement ratio to prevent failure by rupture of the steel at the 
onset of cracking. Secondly, it affects the a
ections. In the analysis, a representative expression for modulus of rupture, is used 
to estimate the modulus of rupture for the whole range of concrete strength. The 
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equation is presented in Chapter 4 Section 4.2.3.4, Equation 4.14, rf  =0.55
75.0
cuf , 
where f  is the modulus of rupture of concrete and f  is the cube compressive r cu
strength.  
      The calculated cracking moment using Equation 5.1, are presented and compared 
with test results in Table 5.4. It may be seen that the ratio of experimental to 
calculated cracking moments, , has a mean value of 0.80 with a standard 
deviation of 0.346.   
 









gI  is the gross moment of inertia of concrete in 
4m and ty   is the distance of bottom 





where, is cracking moment in beam in N.m , is the modulus of rupture of 
pumice concrete in N/  and  =0.55 (Equation 4.14) for pumice concrete,  
l stiffness            
 is shown from Figure 5.6 that uncracked stiffness of the beams remains essentially 
the sam ecause at this stage, 
tructural action of reinforcing steel bars not yet been fully mobilized. 
In reinforced concrete structures, post-cracking stiffness is of more significance. 
As such a structure exhibits ness 
bserved in Figure 5.6 that the amount of longitudinal tensile reinforcement has 
calcrM ,  rf  
2mm f f  
It
e irrespective of the test parameters employed.  This is b
s
cracking when put into service; post-cracking stiff
governs the associated deflections and affects its serviceability limit state. It may be 
o
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si i ra g  t s by comp
s A1, A2 and A3. Beams with higher 
gn ficant effect on post c ckin  stiffness of he beam aring the behaviour 
of beam ρ  values for e.g. A3 demonstrate a 
igher post cracking stiffness due to the associates increase in cracked moment inertia 
 s
h
for the ame concrete strength, i.e. stiffness, k ∝  LEI / , where E is modulus of 
elasticity of concrete in N/ 2mm , I is crack moment of inertia of concrete in 4mm , L is 
e beam span in mm. 
 
5.3.4 Serviceability limit state 
Cracking is inevitable in reinforced structures when they are put into full service. As 
large deflection and/or excessive cracking during service m e nnecessary 





 to arbonation, chloride ingress and steel corrosion Limiting these values to some 
) Maximum deflection at serviceability limit state  
he service loads and the corresponding maximum midspan deflection, 
tolerable limits e.g. 0.3 mm is one of usual design requirements. Although indirect 
methods of limiting the span-effective depth ratio ( dl / ) and appropriate detailing of 
reinforcement is used, respectively, to ensure that the maximum deflection and service 
crack-widths are not excessive, numerical calculation is sometimes unavoidable. The 
intention here is to find whether values from typical design codes for e.g. ACI 318 
could be predicted accurately for Pumice concrete. For this purpose, service load is 
assumed to be the experimental ultimate load exp,uP , divided by a factor 1.7 
 
(a
T exp,sδ obtained 
e  test beams are shown in Table 5.5.  experim ntally for the
Based on the elastic bending theory for deflection, the predicted values of 
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deflection are calculated and shown in Table 5.5. The equations for deflection 








a=δ -4a2max,s )                                                                                          (5.2) 
 





           (5.3) 
I cr  












sδ  is the maximum deflection at the assumed service load in m, is the 
middle span moment at serviceability limit state in N.m and /1.7; 
is the calculated ultimate (mid-span) moment in kNm; M  is the cracking 
moment capacity of the beam obtained by using gross concrete section in Nm; and 
ent respectively in
te section 
noring the steel present); is the cracked moment am in 
noring the concrete section below th utral axis and transformi  steel 
area into equivalent concrete area; L
is the width of the beam in m; is the distance of the neutral axial to the extreme 




M   cr
c
sE  are the elasticity of modulus of concrete and steel reinforcem  
N/ 2m  ; I
E
 is the effective moment of inertia of the beam section in 4m ; gI  is the gross 
moment of inertia of beam section in 4m (taking into account all the concre
and ig  crI  of inertia of be
4m , 
ig e ne ng the bottom
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compression face in the beam section in m; d is the effective depth of the beam in m; 
di tance of the centroid of compressive reinforcem'd is the s ent from the extreme 
com n mpression face in a beam section i ; n is the modulus ratio and 
C
SEn = . 
c
estimation of maximum deflection under service load depends on correct assessment 
E
        For a given beam, the maximum deflection depends on the loading and support 
conditions and is inversely proportional to its flexural rigidity . An accurate 
of  and
IE
cE I . It has been shown in Chapter 4 that the Norwegian Code NS 3473 (1998) 
expression for elastic modulus, cE  =9500f
3.0
cck ( )2400
ρ 5.1  MPa (where cckf  is the 28 
day compressive strength of 100 mm (diameter) ×  200 mm (height) cylinder specim n 
in MPa and
e
ρ is the air dry density of concrete in 3/ mkg ) can give a fairly good 
prediction of the static modulu f elasticity of the pumice concrete used in this study.   
With regard to the moment of inertia, the use of the value based on gross concrete 
section, gI  for calculation is generally acceptable as long as the beam remains 
uncracked. Cracking reduces the beam stiffness. However, the use of a mo ent of 
inertia, crI   based on a fully cracked section may not be appropriate. This is because 





n the beam i.e. stage 
of onsidered relative to the first cracking stage. It usually lies between 
and . The expression of adopted in ACI code (ACI 318, 1999) is shown in 
ks will carry tensile stress which can contribute  a significant portion of the 
concrete tensile strength due to the bond between the steel and concrete, providing a 
tensile stiffening effect. The effects of tensile stresses in the concrete is usually 
accounted for in design by an empirical adjustment of inertia, called effective moment 
of inertia, I . The value of I depends on the extent of cracking ie e
 loading c gI  
crI eI
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Equation 5.3.     
      Using the simplified effective moment of inertia, eI  in ACI 318 (1999), but 
employing a more representative expression for the modulus of rupture of concrete in 
Equation 5.2 to obtain crM , the maximum deflection at the assumed service load, 
max,sδ  is calculated for each test beam.  
        The calculated values, as denoted by cals ,δ , are presented and red with the 
corresponding experimental values, 
compa
exp,sδ  
fe predictions for serv
in Table 5.5. It may be seen that the method 




exp,standard deviation of ratio of experimental to calculated deflection, δ
δ
  as 1.27 and 
0.0032, respectively. 
       The ACI code shows the maximum permissible middle span deflection for a beam 
in practice. For conserva ates, the maximum permissible deflection is 240/l , 
where l  is the effective beam span in m, For this study, the maximum permissible 
deflection is 5.3 mm (for beam supporting non structural elements likely to be 
damaged by large deflection) and 10.6 mm (for beam supporting nonstructural 
elements not likely to be damaged by large deflection). The test beam satisfy the 
allowable deflection limit of 10.6 mm. 
    
tive estim
s 
m crack width. 
The numbers of cracks, their maximum, minimum and average spacing (at the 
(b) Maximum crack width and spacing     
For each test beam, the central 800 mm length is selected as the test zone to study its 
cracking behaviour. Since spacing of cracks is often required for the assessment of 
crack-width, it may be relevant to have a brief discussions on the number and spacing 
of cracks observed in the present tests before discussion on the maximu
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central portion of the bottommost layer of longitudinal reinforcement) observed in 
mber of which ranged from 
even to eleven. It is interesting to note that all beams, other than B1 and N1, exhibit 
exactly the same number of
104 to 115 mm.  Beam B1 has a higher amount of compressive steel and demonstrates 
tal of eleven cracks with average spacing of 90 mm. Compared to NWC beam N1, 
es not include any requirement on the prediction of crack 
trol, experimental values of average crack spacing ( ) are 
compared
 is shown in Equation 5.6 and 5.7. 
 = 50+k1k
each beam at the assumed service load are presented in Table 5.6. At this load, both 
primary and secondary cracks are observed, the total nu
s
 eight cracks for which the average spacing varied from 
a to
pumice concrete beam A2 shows more cracks with smaller crack spacings. 
As ACI 318 (1999) do
spacing for crack con exp,avs











A=ρ                                                                                                                   (5.7) 
 
here is the bar diameter in mm; is a coefficient depending upon bond quality 
 is a coeffi en nds upo
o i e ile 
ent in is the effective tension area having the full width of the 
beam  and having the depth equal to the lesser of 2.5(h-d) and 
 bd  1k  w
(0.8 for high bond bars); k ci t which depe n the shape of strain 
diagram (0.5 for bending without axial force);   is the area of l ngitud nal t ns
2
sA
2mm ; cefA  
3
ch − ; h is the total 
reinforcem
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depth of the beam; c is the cover of rebar. 
 It is seen in Table 5.6, that calculated values  , are, on average, 10 % lower 
than the experimental values for pumice concrete beams. The mean and SD of ratio 
for pumice concrete have been found to be 0.89 and 0.119. 
In structural concrete members, restrictions are placed on the maximum crack 
2,ECavs
( )/ 2,exp, ECavav ss
width at service load for purpose of durability and aesthetic aspects of the structure. 
Therefore, control of cracking or prediction of maximum crack width, max,crω , 
represents one vital design considerations. The allowable maximum crack is 0.3 mm. 
In this study, surface crack-widths are measured at the centre of the bottommost layer 
of the main tensile reinforcement. The effect of tensile reinforcement ratio, ρ , on the 
maximum crack width at this load level may be seen to be insignif
trend of decreasing experimental crack width, 
icant although a 
exp,crω  is observed with an increase in 
ρ  values. The beams tested have a crack width less than 0.3 mm at service load. This 




presented in Figure 5.6. It may be seen by comparing behaviour of beams A1, A2 and 
5.3.5 Ultimate strength 
It has been described previously that crushing of the concrete in the extrem
compression fiber zone with associated spalling of concrete cover usually marked the 
attainment of ultimate strength. The experimental values of ultimate strength, 
expressed as moment, M  are listed in Table 5.7.exp,u
The effect of various parameters considered in this study on the ultimate strength 
of the beam may be investigated qualitatively from the load-deflection curves 
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A3 in Figure 5.6 that an increase in the amount of tensile reinforcement increased the 
ultimate strength. Although a higher amount of tensile steel requires more concrete 
mons
addition of compressive reinforcement comparing the behaviour of beams B1 and A2. 
With the same tensile reinforcement as Beam N1 of normal weight concrete, the 
pumice concrete beam A2 shows a similar ultimate strength but with a decease in 
ctural 
ay be used to predict the ultimate strength of pumice 
oncrete beams tested in this program. The ultimate moment,  calculated using 
area in the compression zone, the effect of the resulting reduction in lever arm is fully 
offset by an increase in tensile stress resultants, thus de trating a net gain in 
strength. As with flexural stiffness, the ultimate strength is hardly affected by the 
ductility. 
It may be of interest to check whether the provisions contained in stru
concrete code ACI 318 (1999) m
ACIuM ,c
cuε  Whitney’s rectangular stress block and of 0.003 for NWC and pumice concrete, as 
ontained in ACI 318 (1999) are presented and compared with the test results in Table 
.7. The ACI recommendation of 0.003 for the maximum concrete strain appears to be 
n acceptable lower bound for LWAC with compressive strength not exceeding by 
5.9 MPa (Ahmad and Barker, 1991). The equation used to calculate is as 














( 'ddadCM scn −+−   for doubly reinforced beam ( from equilibrium 
mo nt ab t the entroi of ten teel orcement)                                       (5.9) 
 
C=  of 
me ou  c d sile s  reinf
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1'' β  (from equilibrium of tal forces across 
concrete section)                                                                                                      (5.10) 
 
where 
E 0)1  horizon
ω = erred to as the mechanical reinforcement ratio; '  and is ref/ cy ff ρρ   is the 
ten re ce  rat b is beam th in  is ecti pth e 
beam in m is the com ressive orce in the co  N an =0.85 is 
the compressive force in the comp ssive reinforcem =(  is 
e steel in N in the 
alculated from Equation 
.5;
s le i in orf m nte io; th  e  wid  m; d the eff ve de  o  thf
; cC bafc
' ; cC p  f ncrete in d sC
re ent in N and sC
'' ) sss AE ε ; sE
the modulus of elasticity of steel in GPa; 'ε  is the strain in ths
compression zone; a is the depth of the stress block and is c
5  1β is the ratio of depth of rectangular stress block, to depth to neutral axis, 
and
a  c  
85.01 =β ; is the area of 
om ve em m
    y (1999) provisio e a
estimate of the ul  beam tested, the 
ti p lc  v ng  1 1.27, with an av rage of 
r pumice concrete beam whereas the 
on is on the safe 
side and the difference is not so large (conservative difference averaging 20 %) for 
pumice concrete, s and associated 
failure criterion d for the bea tested
 
 
sA  is the area of tensile steel reinforcement in 
2m ; 'sA  
c pressi steel reinforc ent in 2 . 
   It ma be seen ACI 318 ns giv  reasonable and conservative 
timate moment capacity of the test beams. For the 5
ra o of ex erimental to ca ulated alue ra es from .14 to e
1.20 and standard deviation of 0.055 fo
corresponding value is 1.14 for the single NWC beam. As the predicti
no revision of the Whitney‘s stress block parameter
 is neede ms . 
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5.3.6 Ductility  
In structural design, ductility may be defined the ab of a m ial, a cular 
sec mber itself or the 
the ultimate load without a significant loss in strength and this represents another 
imp  the ca e of a fl ember, the ductility is sually 
det e eflection parameter. The following discussion on the influence 
of various ter refore based on displacem nt ductili  index,
as ility ater parti
tion of a member, the me structure as a whole to deform at or near 
ortant design objective. In s exural m  u
ermined bas d on d
 test parame s is the e ty dµ  and it 
is d ximum (central) eflection ate, efined as the ratio of ma   d  at ultim uδ , to that at 






δ                                                                                                                    (5.12) 
 
Figure 5.9 shows a schem ram for dete  the characteristic yield load and 
ductility. Figures 5.10 and 5.11 show the effec ensile steel reinf ent on the 
displacem ductility. 
      Limiti the tensile re cement ratio
atic diag rmining
t of t orcem
ent 
ng infor ρ  is one of the most only used 




 should be limited to 0.75ρ bρ  for common situation and to 0.5 bρ  for 
tructures in which redistribution of moments is considered; in case of doubly 




bρ  t ratio. is the bal ee nt rat  for a 
singly reinforced section and based on the ACI code, it may be obtained as:  
 
ance st l reinforceme io
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β '  
 
where 1β  is the ratio of depth of rectangular str lock o d to n l axess b , a  t epth eutra is, c ; 
85.01 =β ; yε  is the yield strain of tensile steel reinforcement.  
A displacement ductility index dµ  in the range of 3 to 5 is considered imperative 
for adequate ductility, especia of seismic design and the redistribution of 
moment (Park, Robert, and Pauley, Thomas 1984). Assum ng a 
lly in the area 
i dµ  of 3 represents an 
acceptable lower bound to ensure adequate du  o ura be mad and 
Barker, 1991). Assuming = 200 GPa and = 460 MPa, the requirement of 
ctility f flex l mem r (Ah
sE yf
5.0≤ρ bsρ  translates into a minimum deflection ductility index, dµ  of 3 for singly 
reinforced c ncrete bea C e s r is also 
frequently referred to as th mum requirem displacement ductility 
index,
o m (Section 8.4.3, A I 318, 1999). Th ame numbe
e mini ent for 
dµ , for the study of reinforced pumice conc . It can be analytically 
shown that the displacement ductility index, 
rete beam
dµ  dec  an increase in tensile 
steel conte
reases with
nt, ρ  (see Figure 5.  is shown that th nimum target value (9). It e mi dµ  = 3) 
can be achieved at a value of about 0.21 for bρρ / (see Figure 5.10). Further more, 
compared to NWC beam N1, pumice reinforced concrete beam A2 presents a 
relatively lower dµ value, 42 % lower than that of Beam N1. This is expected since 
pumice concrete material is less ductile as compared with normal weight concrete of 
the same strength. 
The longitudinal bars placed in the compression side of a flexural RC member, 
due to its higher strength and elastic modulus as compared to surrounding concrete, 
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help to reduce the depth of neutral axis, thus improving the ability of the beam to 
deform more before final collapse. Figure 5.9 showed that the ductility index, dµ  of 
beam B1 increased up to 4.15, as compared to 1.71 for beam A2. 
 
5.3.7 Complete load-deflection response 
In this study, an attempt has been made to predict the short-term complete load-
deflection response of the beams tested ignoring creep and shrinkage. It is based on 
the second moment-area theorem in which the distribution of curvature along the 
length of the beam at a particular stage of loading has been determined using the 
general principles of mechanics with some idealization of actual φ−M  relationship 
as proposed by Rashid (2002).   
           For a given section, the moment and the corresponding curvature at each 
critical event can be obtained from usual flexural theory based on equilibrium and 
Bernoulli’s compatibility. The concrete stress resultant and its location are determined 
using the trapezoidal rule and the longitudinal compression reinforcement is assumed 
to remain buckled for the whole range of the loading history. 
        When the applied load is gradually increased, the moment diagram passes 
through 4 regimes, depending on the loading stage. These regimes are shown in 
Figures 5.13 (a) - (c). In the first regime, the maximum moment, 1M  is less than 
and the beam remains uncracked . In regime 2, cracks appears in the beam
maximum mom n  and 
 the third regime the tensile reinforcing steel yields and the maximum moment,
is in the range betw  and 
       In view of the idealized tetra-linear moment-curvature behavior (Figure 5.12), the 
crM , 
 and the 
 crM yM . ent, 2M  within the constant moment region lies betwee
 3M  
een yM uM . 
In
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four moment regimes re diagrams shown in the 
accompanying moment diagrams in Figure 5.13 (a) - (c). The mid-span deflection can 
then be determined by taking moment, about one of the supports, of the area under 
each curvature diagram between the support and the mid-span section. 
Regime 1 
For a simply supported beam with two symmetrically applied point loading, as used in 
this study, the mid-span deflection, 
sult in the corresponding curvature 







1 αφδ −= L                                                                                                   (5.13) 
 
where La /=α , in which a and L are the shear span and total span, respectively, of 





2=                                                                                                                  (5.14) 
 
Regime 1 ends when 1φ equals crφ  and moment  equals 
 
Regime 2 
In this regime (Fig 5.13 (b)), the deflection at mid-span, 
1M crM  












αδ crL                                                     (5.15) 
 
where 2φ  lies in the range ycr φφφ ≤≤ 2 . 1γ  is the ratio . The load,  at this 2/ MM cr 2P
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stage is still given by Equation 5.16, except that  is replaced by  and  by 
Regime 3 
 











αδ ycrL        (5.16) 
 
where 31 / MM cr=γ , 2γ =  and 3/ MM y 3φ lies in the range uy φφφ ≤≤ 3 . The 
corresponding load is calculated form Equation 5.16 with  and  in place of
and  respectively.  
      The load –deflection relations thus obtained are compared with the experimental 
curves u to (e), 
Although a stiffer post cracking gradient is obtained in most of the cases, ultimate 
str e 
deformation capacity of the beams with critical evens in the loading history, are in 
good agreement with the corresponding experimental values. 
 
5.4   Conclusions 
      The following are conclusions reported from the experimental program of simply 
reinforced concrete pumice beam under flexural loading. 
1, The ACI code 318 (1999) underestimates the experimental cracking moment up to 
12 % on average for reinforced pumice concrete beam, whereas for NWC beam, it 
underestimates the cracking moment up to 19%. ACI code is more conservative. 
2. The ACI 318 (1999) code underestimated the experimental deflections of reinforced 
concrete pumice beam under short term service loads up to about 27 %. For reinforced
NWC bea
3P 3M  1P  
1M
  
p to the ultimate load for all of the test beams in Figure 5.14 (a) 
ength and the general shape of the load-deflection curves obtained, depicting th
 
m, the underestimation is by up to 23 %. 
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3. Crack widths at service loads varied 6 to 0.26 mm and these are within 0.3 
mm, the maximum allowable crack width for durability requirements. The crack 
spacing is closer when compared to the r C beam with crack width of 
.29 mm. 
4. ACI 318 (1999) code gives a conservative prediction of the ultimate flexural 
strength of the beams, 20 % on average lower than the experimental results.  
5. Unlike reinforced NWC beam, reinforced pumice concrete beam exhibit insufficient 






> 0.31. With pumice 
concrete strength of about 25 MPa, singly reinforced beam bρρ / of 0.21 and 
doubly reinforced beam with ( )/
'ρρ − bρ  of 0.10 showed adequate ductility of 3.67 
and 4.15, respectively. 
6. The complete load-deflection response up to the ultimate of the reinforced pumice 
concrete beams can be fairly predicted based on the second moment –area theorem 
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 Note: Yield strength of T20, T16 and T13 bars are 537 MPa, 466 MPa and 472 MPa, respectively
           (1)
. 
%100/ ×= bhAsρ , sA is the area of longitudinal tensile reinforcement. 
               the area of compressive tensile steel reinforcement. 
           (2) The steel reinforcement ratio must be
  bhAs /
'' =ρ %100× , 'sA is
 bρ5.0≤ (according to ACI 318, 1999). 
                  For singly reinforcement section, bρρ 5.0≤ ;  for doubly reinforced section, '−  
 
Table 5.2 Concrete mix design of concrete 
Mix proportion of pumice concrete for beams A1, A2, A3 and B1 
bρρρ 5.0≤
Cementitious 
material  (kg/m3) 
Pumice aggregates 


















1766 0.33 225 225 150 763 123 144 186 1.3 150~200 

















2310 0.62 336 ------ 208 1008 769 75~100
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Measured   (MPa) 



























Deflection at first crack, sδ  (mm)
 
1.1 












































Ultimate deflection, uδ  (mm)  26.2  30.1  15.5  15.0  26.7 
Fa      ilure load , fP  (kN)     137 99 130      220 148 
Deflection at failure, fδ  (mm)  42  32.4  21.2  14.8  42 
Ultimate concrete compressive 



























Table 5.4 Cracking moment capacity of test beams 
 




 Experimental Calculated cracking    Ratio







N1 14.0 13.1 1.07 
A1 11.6 19.6 0.56 
A2 13.8 19.6 0.70 
A3 19.5 20.4 0.96 





Chapter Five-Flexural behaviour of reinforced pumice concrete beam 




exp,sδ  (mm) 
Calculated deflection 








N1 3.8 3.1 1.23 
A1 4.9 3.8 1.29 
A2 5.6 4.5 1.14 
A3 6.1 4.9 1.24 
B1 5.6 4.3 1.30 
 
 
Table 5.6 Cracks width and crack spacing within the central  800 mm region of 
test beams 
 
Beam N1 A1 A2 A3 B1 
Experimental crack width 
exp,crω  (mm) 
0.28 0.26 0.22 0.26 0.16 
Numbers of primary cracks from experiment 7 5 4 7 6 
Numbers of secondary  cracks from experiment 0 3 4 1 5 
Maximum crack spacing (mm) from experiment 190 165 170 150 150 
Minimum crack spacing (mm) from experiment 119 50 65 70 60 
Experimental average crack spacing (mm) 153 115 104 105 90 , exp,avs  









1.29 0.88 0.88 1.04 0.76 
 



















N1 64.3 56.2 1.14 
A1 46.4 37.5 1.24 
A2 63.4 54.8 1.18 
A3 96.3 81.6 1.19 
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Figure 5.1.  Details of test beam and reinforcement 
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Figure 5.2.  Setup of the beam test 
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Figure 5.5. The curves 
 
of applied load vs topmost concrete compressive stain 
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C-Initiation of concrete crushing 
C’-Cover spalling completed 
B-Steel yielding 








   









C-Initiation of concrete crushing 
C’-Cover spalling completed 
B-Steel yielding 
D-Failure of compression zone 
 
 
Figure 5.7. Idealized curve of load-deflection behaviour of RC beams 
 
144 













































0 0.2 0.4 0.6 0.8 1 1.2














Singly RC beam with pumice concrete
Singly RC beam with NWC
Doubly RC beam with pumice concrete
Power (Singly RC beam with pumice concrete)
 
Figure 5.10. Effect of tensile steel reinforcement ratio ρ  on the displacement 
ductility  
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al Singly RC beam with pumice concrete
Singly RC beam with NWC
Doubly RC beam with pumice concrete
Power (Singly RC beam with pumice concrete)
 Reinforcement ratio, ρ/ρb 
 
bρρρ /)( '−  Note for beam B1, reinforcement ratio is defined as 
Figure 5.11 Effect of reinforcement ratio bρρ / on displacement ductility dµ  
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 concrete under uniaxial 
iability of pumice concrete for structural application is also studied through flexural 
 
) The strength of pumice aggregate is the primary factor controlling the strength of 
 
) The flexural and splitting tensile strength vary from 2.14 to 2.9 MPa and from 4.92 
ratio is higher for 
uch lower than that of NWC of similar compressive strength. For the various 
ive a fairly 
roperties. The Poisson’s ratio of the pumice concrete had a high scatter with values 
 
This thesis provides a study on the behavior of pumice
compression, splitting & flexural tensile stress, drying shrinkage and creep. The 
v
loading of a simply supported reinforced pumice concrete beam.  
The following conclusions are made for pumice concrete. 
(1
lightweight concrete with pumice aggregates. Compressive strength level of 18.5 to
27.4 MPa with the corresponding air-dry density of 1579 to 1836 kg/m3 is observed. 
(2
to 6.64 MPa respectively. Thus the tensile/compressive strength 
pumice concrete than that for NWC and lightweight concrete with artificial lightweight 
aggregates.  
(3)The elastic modulus of pumice concrete varies from 13.5 to 20.3 GPa, which is 
m
concrete mixes, the Norwegian concrete code, NS 3473 (1998) appears to g
good prediction of the elastic modulus, while the ACI Code underestimate the elastic 
p
varying from 0.16 to 0.27. 
(4) The ultimate concrete compressive strain, cuε  at peak load based on the uniaxial 





uch lower than that of NWC with m of 0.003 or LWAC with artificial aggregates cuε
with cuε  of 0.003 to 0.0035. The shape of ascending part of stress-strain curve is more 
linear than that of lightweight concrete with artificial aggregates. 
5) The measurement of drying shrinkage for pumice concrete w( ith 7 days fog curing 
hacklock and Keene, 1957).. 
larger range of 45-193 microstrain/MPa, 
 
ice concrete beams: 
varies from 168 to 1290 microstrains at 168 days drying, which is generally higher 
an that of NWC with 300 to 700 microstrains (Sth
(6) In the creep test under 168 days loading, the creep values are between 339 and 
225 microstrains. Specific creep presented a 1
much higher than that of LWAC with artificial LWA reported by CEB/FIP (1977) with
creep values of 65 to 90 microstrains/MPa. Values of creep recovery between 0.13 and 
.22 are found. 0
 
he following conclusions are made for steel reinforced pumT
(1) The ratio of bρρ /  where ρ  = steel reinforcement ratio in a beam cross section 
and bρ = the b  stee orcement ratio in a beam cross section, plays an 
ant role in determining the shape of the load-deformation curves starting from 
ced NWC beam, for reinforcement ratio, 
alance l reinf
import
cracking stage to ultimate failure. 
 (2) Unlike reinfor bρρ /  of 0.21, the flexural 
ductility index ( dµ ) of reinforced pumice concrete beam (with an average 'cf  = 23.8 
MPa) is significantly less than 3, the value specified by code. The provision of 
compressive re rcements in the beam does not affect the ultim ut info ate strength b
increases the value of dµ . Doubly rein 'forced beam with ( )/  at 0.10 showsρρ − bρ






) ACI 318 (1999) code gives a safe prediction of the ultimate flexural strength, 20 % 
out 21.5 % on average. 
s compared to the calculated value is 23 %.   
ads for steel reinforced pumice concrete beam vary from 
urability requirements. The crack spacing of the pumice concrete beams is closer than 
r reinforced pumice concrete beam, whereas the underestimated cracking moment 
redicted based on the second 
.1    Recommendations For Future Research 
he following studies need to be investigated:  
. 
(3
on average lower than the experimental results.  
 (4) ACI 318 (1999) code underestimates the experimental deflections of steel 
reinforced concrete beam under short term service loads up to ab
For reinforced NWC beam, the underestimated experimental deflection value of beam 
a
(5) Crack widths at service lo
0.10 to 0.18 mm, and are within maximum allowable crack width 0.3 mm for the 
d
the NWC beam. 
(6) ACI code underestimates the experimental crack moment up to 12 % on average 
fo
for reinforced NWC beam is 19 %. 
(7) The short-term complete load-deflection response up to the ultimate load of the 
einforced pumice concrete beams can be fairly pr
moment–area theorem from the usual flexural theory based on equilibrium and 





(1) the thermal conductivity of pumice concrete. 
(2) the behavior of laterally confined pumice concrete
(3) stress-strain relationship of pumice concrete under triaxial compression. 





   concrete beams in flexure taking into creep and shrinkage. 
) the shear behavior of reinforced pumice concrete beam. 
   behaviour needs further investigation. 
  
(5) the behavior of pumice concrete under cyclic and fatigue loading. 
(6
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